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Address of the President , Lord Rayleigh, O.M., D.C.L , at the 
Anniversary Meeting on November 30, 1908. 

Since the last Anniversary the Society has sustained the loss of eighteen 
Fellows and four Foreigji Members 

The deceased Fellows are — 

The Right Hon Lord Kelvin, died December 17,1907 
Sir Alfred Baring Garrod, died December 28,1907. 

Robert Lewis John Ellery, died January 14,1908. 

Prof. James Bell Pettigrew, died January 31,1908 
William Ashwell Shenstone, died February 3,1908 
Sir John Denis Macdonald, died February 7,1908 
Lieutenant-General‘Sir Riohard Strachey, died February 12,1908 
Dr William Edward Wilson, died March 6,1908 
Dr. Henry Clifton Sorby, died March 9,1908 
Sj^John Eliot, died March 17,1908. 

The Duke of Devonshire, died March 24,1908 
Dr. James Bell, died March 31,1908. 

Colonel Andrew Wilson Baird, died April 2,1908 
Sir John Evans, died May 81,1908. 

Lord Blythswood, died July 8,1908. 

Arthur Lister, died July 20,1908. 

The Earl of Bosse, died August 29,1908. 

Prof, William Edward Ayrton, died November 8,1908. 
vol. rncxxn.— x. 


B 



2 


[Nov. 80, 


Anniversary Address by Lord Rayletgh. 

The deceased Foreign Members are •— 

♦ 

Pierre Jules 04sar Janssen, died December 23,1907. 

Frans von Leydig, died April, 1908. 

Henn Beoquerel, died August 25,1908 
Rleuth&re fiho Nicolas Mascart, died August 26,1908 

The list of deaths this year is exceptionally heavy, and includes the name 
of one of the most eminent scientific men of our generation, who occupied 
the Presidency of this Society from 1890 to 1895—I refer, of course, to 
Lord Kelvin. 

We are fortunate in having secured for our ' Proceedings ’ a review of 
Kelvin’s life and work, written by one who is especially well qualified for the 
difficult task 1 do not doubt that Professor Larmor is nght in placing in the 
forefront of that work those fundamental advances in Thermodynamics which 
date from the middle of the last century. It was Kelvin who first grasped 
the full scope of the principle known aB the Second Law, a law which may 
indeed well be considered to stand first in order of importance, regarded from 
the point of view of man’s needs and opportunities It would be futile to 
attempt here a re-survey of the ground covered by Professor Larmor 
My acquaintance with Kelvin was limited, until about 1880, a time when 
I was occupied with measurements relating to the electrical units, and 
received much appreciated encouragement From then onwards until bis 
death I enjoyed the privilege of intimacy and, needless to say, profited 
continually from lus conversation, as I had done before from his writings 
Our discussions did not always end in agreement, and I remember his 
admitting that a certain amount of opposition was good for him Such 
discussions often invaded the officers’ meetings during the time that we were 
colleagues, not always to the furtherance of the Society's business. But 
I must not linger over these reminiscences, interesting as rimy are to me 
We shall never see his like 

By the death of Sir Richard Strachey we have lost a man well known to 
the senior Fellows, who served repeatedly upon the Council and whose 
advice was alwayB valued He was a born administrator, and by his work 
in India and afterwards at the Meteorological Office he rendered splendid 
service. « 

Dr. Sorby’B researches extended over many fields, and in several of them 
he was a pioneer I suppose that his greatest achievement was the intro¬ 
duction of riie method in which thin slices of rook are examined under the 
microscope. Among his many interesting observations are those upon the 
retardation of freenng in capillary tubes It appears that the walls gnarcm* 
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an influence at distances much greater than those usually regarded as 
molecular—evidence apparently of structure upon an extended scale 
Dr Sorby belonged to a class on whom England has special reason to 
congratulate herself, men who pursue science unprofessionally. The names 
of Cavendish, Young, Joule, and Darwin at once suggest themselves 
It is tg be feared that specialisation and the increasing cost and com¬ 
plication of experimental appliances are having a prejudicial effect in this 
regard. On the other hand, the amateur is not without advantages which 
compensate to some extent Certainly, no one who has the root of the matter 
in him should be deterred by fears of such difficulties, and the example of 
Sorby suffices to show how much is open to ingenuity unaided by elaborate 
appliances 

The name of Sir John Evans must not pass without special notice There 
are few in recent years to whom the Society has been more indebted 
Many of our Fellows hardly realise how important and laborious are the 
services rendered in the office of Treasurer Evans’ scientific attainments, his 
knowledge of the world and of business, and his personal characteristics 
specially qualified him for office An appreciation, signed by well-known 
initials, has recently appeared in our ' Proceedings’ 

On the Foreign Last* also the losses are heavy. We have especially to 
condole with our colleagues in France upon the havoc oaused by death withm 
the last year or two Janssen, and Maacart, who was much missed at the 
recent Electrical Conference, had reached a full ago But Becquerel was in the 
full ta.de of life, and we had hoped to learn much more from him, as the 
discoverer of radio-activity, he had opened up inquiries whose significance 
seems ever on the increase Science has lost a leader, his friends and the 
world a charming personality 

During the time that I was Secretary, and so concerned with the passing 
of mathematical papers through the Press, I was much struck with the 
carelessness of authors in the arrangement of their manuscript It is 
frequently forgotten that a line of print in the * Transactions ’ and in the 
new fowl of the ' Proceedings ’ will hold much more than a line of ordinary 
manuscript, unless, indeed, the handwriting is exceptionally smalL Unless 
the authors’ indications were supplemented, it frequently occurred that 
several lines of print were occupied by what might equally well, and in my 
judgment much better, be contained in one line. Even praotised writers 
would do well, when they regard their manuscript as complete so far as 
regards matter and phrasing, to go over it again entirely from the point of 
view of the printing. In this way muoh expense and space would be spared, 
and the appearance of (he printed page unproved. Profeasor Larmor has 
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drawn up a paper which has received the sanction of the Connoil and is 
appended to this Address, and wilj, it is hoped, be of service at once to 
authors and to the Society 

Apart from questions of printing, the choice of symbols for representing 
mathematical and physical quantities is of some importance, and is 
embarrassed by varying usages, especially in different countries A 
Committee now sitting is concerned with the selection of symbols for 
electrical and magnetic quantities, but the question is really much wider. 
One hesitates to suggest another international confeience, and perhaps 
something could be done by discussion m scientific newspapers. Obviously 
some give and take would be necessary When the arguments from 
convenience are about balanced, appeal might be made to the authority of 
distinguished men, especially of those who were pioneers in the definition 
and use of the quantity to be represented As an example of the difficulties 
to be faced, I may instance the important case of a symbol for refractive 
index In English writings the symbol is usually /t, and on the Continent n 
By the early optical writers it would seem that no particular symbol was 
appropriated In 1815* Brewster has m The earliest use of ft that I have 
come across is by Sir John Herschel,f and the same symbol was used 
by Coddington (1829) and by Hamilton (1830), both distinguished workers 
m optics On the other hand, n waB employed by Fraunhofer (1816), and 
his authonty must be reckoned very high As regards convenience, I should 
Bnppose that the balance of advantage would incline to ft, since n is wanted 
so frequently in other senses Another case m which there may be 
difficulties m obtaining a much to be desired uniformity is the symbol for 
electrical resistance 

On a former occasion 1 indulged in comment upon the tendency of ^ 
recent mathematics, which were doubtless understood as the mild grumbling 
of an elderly man who does not like to see himself left too far behind In 
the same spirit 1 am inclined to complain of what seem unnecessary changes 
m mathematical nomenclature In my youth, by a natural extension of a 
long established usage relative to equations, we spoke of the roots of a function, 
meaning thereby those values of the argument which cause the function to 
vanish In many modern writings I read of the zeroes of a function in the 
same sense There may be reasons for this change; but the new expression 
seems to need precaution in its use, otherwise we are led to such flowere of 
speech as “ zeroes with real part positive,” which I recently came across^ 

* ‘Phil Tran*.,’ 1815 

+ ' Phil. Trant1881, p 830 

} 'Proo Math. Hoc.,’ vd 31, p. 868. 
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But though 1 mav use a little my privilege of grumbling over details, I hope 
I shall not be misunderstood as undervaluing the progress made in recent 
years, which, indeed, seems to me to be very remarkable and satisfactory, 
regarded from the scientific point of view On the other hand I cannot help 
feeling misgivings as to the suitability of the highly specialised mathematics 
of the present day for a general intellectual training, and I hope that a careful 
watch ma) be maintained to check, m good time, any evil tendencies that 
may become apparent 

Among the notable advances of the present year is the liquefaction of 
helium by Professor Onnes of Leiden It is but a few years since Sir J Dewar 
opened up a new field of temperature by lus liquefaction of hydrogen, and 
now a further extension is made which, if reckoned merely in difterence of 
temperature, may appear inconsiderable, but seen from the proper 
thermodynamical standpoint ib recognised to be far-reaching Tho explora¬ 
tion of this new field can hardly fail to afford valuable guidance for our 
ideas concerning the general properties and constitution of matter. Professor 
Onnes' success is the reward of labours well directed and protracted over 
many years 

The discovery and application by Butheiford and Geiger of an electrical 
method of counting the number of a-partiolcs from radio-active substances 
constitutes an important step, and one that appears to afford better determina¬ 
tions than hitherto of various fundamental quantities It would be of interest 
to learn what interpretation is put upon these results by those who still 
desire to regard matter as homogeneous 

Another very interesting observation published during the year is tliat of 
Hale upon the Zeeman effect in sun-spots, tending to show that the spots are 
fields of intense magnetic force Anything which promises a clue as to the 
nature of these mysterious peculiarities of the solar surface is especially 
welcome Until we understand better than we do these solar processes, on 
which our very existence depends, we may do well to cultivate a humbler 
frame of mind than that indulged m by some of our colleagues 

A theoretical question of importance is raised by the observations' of 
Nordmann and Tikhoff showing a small chromatic displacement of the 
phase of minimum brightness m the case of oertain variable stars. The 
absence of such an effect has been hitherto the principal argument on 
the experimental side for assuming a velocity of propagation in vacuum 
independent of frequency or wave-length. The tendency of the observations 
would be to suggest a dispersion m the same direction as in ordinary 
matter, but of almost infinitesimal amount, in view of the immense distances 
over which the propagation takes place. Lebedew has pointed out that 



6 


Anniversary Address by Lord Rayleigh. [Nov. SO, 

this conclusion may be evaded by assuming an asymmetry^involving colour 
m the process by which the variability is brought about, and he remarks 
that although the dispersions indicated by Nordmann and Tikhoff are in the 
same direction, the amounts calculated from the best available values of 
the parallaxes differ in the ratio of 30 to 1 In view of this discrepancy and 
of the extreme minuteness of the dispersion that would be indicated, the 
probabilities seem at the moment to he on the side of Lebedew's explana¬ 
tion , doubtless further facts will be available in the near future 

I cannot abstain from including in the achievements of the year the 
remarkable successes m mechanical flight attained by the brothers Wright, 
although the interest is rather sooial and practical than purely scientific 
For many years, in fact ever sinoe I became acquainted with the work 
of Fenaud and Wenham, I have leaned to the opinion that flight was 
possible as a feat This question is now settled, and the tendency may 
perhaps be to jump too quickly to the conclusion that what can be done 
as a feat will soon be possible for the purposes of daily life But there is 
a very large gap to be bridged over, and the argument urged by Professor 
Newcomb and based on the principle of dynamical similarity, that the 
difficulties must increase with the scale of the machines, goes far to 
preclude the idea that regular ocean service will be conducted by flying 
maohmes rather than by ships But, as the history of science and invention 
’abundantly proves, it is rash to set limits For special purposes, such as 
exploration, we may expect to see flying machines in use before many years 
have passed 

The Beportof the National Physical Laboratory foi the year again indicates 
remarkable growth The various new buildings, which have been erected 
and equipped during recent years at a cost of about £33,000, are now 
occupied, and the result is that both researches and test work can be earned 
out with much greater ease and efficiency than previously The Executive 
Committee in charge of the Laboratory is indebted in the first instance to 
H M Government, and then to the numerous fnends whose assistance has 
made this possible. At the same tune, the needs for buildings are not nearly 
satisfied There has been during the year a very marked and important 
growth in the demand by manufacturers and others for assistance in metal* 
lurgical enquiries, which require investigations, frequently of a very complex 
character; and with the present accommodation for muoh of the Metallur¬ 
gical Department this demand is difficult to satisfy. Thanks in great 
measure to the Goldsmiths’ Company, the chemical side of this department is 
well provided for, but new buildings for the other branches of metallurgy 
are an urgent want 
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The Report of the Treasury Committee of Inquiry referred to m the address 
of last year was communicated by the ^Treasury to the Royal Society, with 
the intimation that Their Lordships accept the recommendations of the Com¬ 
mittee, and trust that the Royal Society may see their way to do the same. 
In their reply the President and Council, with the concurrence and advice of 
the Executive Committee of the Laboratory, expressed their readiness to use 
their best endeavours to oarry the Report into effect. The Report haB since 
been presented to Parliament. 

The buildings of the Magnetic Observatory at Eskdalemuir are now 
occupied, but, unfortunately, difficulty has arisen m making the magneto- 
graph rooms which are underground completely watertight, and the reooidmg 
apparatus is not yet properly installed. 

The third and fourth volumes of ‘ Collected Researches * of the Laboratory 
have been published during the year, and testify to the vigorous scientific 
activities of the staff The third volume is oocupied chiefly with the account 
of the prolonged series of experiments on electric units earned out at the 
Laboratory by Prof Ayrton, Mr Mather, Dr Lowry, and Mr. Smith These 
researches proved of great value in the discussions at the International 
Conference on Electric Units, for which recently the Society provided 
accommodation and entertainment at the request of the Government. 

The progress of the ‘ Royal Society Catalogue of Scientific Papers ’ has 
advanced a definite stage during the year, through the publication by the 
Cambridge University Press of the Index Volume of Pure Mathematics for 
the Nineteenth Century Owing to the magnitude of the material to be 
indexed m the several sciences, it has been necessary to adopt drastic 
measures of compression, and the 40,000 entries involved in the present 
section have thuB been condensed into one royal octavo volume of some 
700 pages An essential element in this saving of bulk has been the 
grouping of titles within each heading so as to avoid reprinting the leading 
words. It was, perhaps, inevitable that this device would occasionally be 
mwfarip*" for an attempt at organic classification within the limits of the 
mm headings, which are substantially those of the yearly * International 
Catalogue of Scientific Literature’ This had, indeed, been foreseen in the 
preface of the volume. As regards new actual sub-headings which have been 
introduced occasionally, the Committee remark that “ These minor classifica¬ 
tions, being often made mechanically on the basis of the explicit mention of 
the sub-heading, are not to be taken as exhaustive, cognate entries may be 
found elsewhere under the same main heading. The unit of classification is 
thus the complete numbered heading.” 

The Committee of the Catalogue have indeed been fully conscious 
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throughout of the difficulties of the task which they Bupervity, and it must be 
gratifying to the Director of the Catalogue and his staff to have the support 
of high authorities, not confined to this country, in their decision that in so 
extensive an undertaking practical feasibility must be the aim rather than an 
elusive theoretical perfection One advantage, at any rate, will accrue from 
bringing out a single volume well m advance, m that the Oomnuttee»will be 
able to profit in the future work from the experience they have acquired 
Through the kindness of Dr Schuster I had the opportunity of submitting 
to the Council, before the expiry of my term of office, a generous proposal 
which he makes for instituting a fund of £1500, the interest of which is to 
be applied to pay the travelling expenses of delegates of the Society to the 
International Association of Academies Dr Schuster felt that the absence 
of such a provision laid a burden upon delegates, and might operate to 
limit the choice of the Society. I was empowered by the Council to con\ey 
their cordial thanks to l)r Schuster, and I have now the pleasure of making 
his benefaction known to the Society at large 

In taking leave of the honourable office which I have occupied for three 
years, I desire to thank the Society and especially my colleagues, the officers, 
for the consideration which they have uniformly shown me All the omens 
indicate that the Society will be represented by One well versed m its 
affairs, and whose scientific distinction and wide expeneuce justify the 
highest hopes for his tenure of the chan 


MEDALLISTS, 1908 
Copley Medal 

The Copley Medal is awarded to Dr Alfred Bussel Wallace, F B.S. 

It is now sixty years since this distinguished naturalist began his scientific 
career During tins long period he has been unceasingly active in the 
prosecution of natural history studies As far back as 1848 he accompanied 
the late Henry Walter Bates to the region of the Amazon, and remained 
four years there, greatly enriching zoology and botany, and laying at the 
same time the basis of that wide range of biological acquirement by which 
all his writings have been characterised From South America he passed 
to the Malay Archipelago and spent there some eight fruitful years. It was 
during his stay in that region that he matured those broad views regarding 
the geographical distribution of plants and animals which on his return to 
this country he was able to elaborate in his well-known classic volumes on 
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that Bubject. It \vas there, too, amid the problems presented by the infinite 
variety of tropical life, that he independently coneeived the idea of the 
theory of the origin of species by natural selection which Charles Darwin 
had already been working out for years before H« nlaima to the admiration 
of all men of science were recognised by the Royal Society forty yean ago, 
when, in 1868, a Royal Medal was awarded to him Again, when m 1890, 
the Darwin Medal was founded, he was chosen as its first recipient He is 
stall full of mental activity and continues to enrich our literature with 
contributions from his wide store of expenence and reflection m the domain 
of Natural History As a crowning mark of the high estimation in which 
the Royal Society holds his services to science, the Copley Medal ib now 
fittingly bestowed on him 


Bumford Medal. 

The Bumford Medal is awarded to Prof H A Lorentz, For Mem. B S 

Prof Hendnk Antoon Lorentz, of Leiden, has been distinguished during 
the last quarter of a century by Ins fundamental investigations in the 
principles of the theory of radiation, especially in its electric aspect. His 
eailieBt memoirs were* concerned with the molecular* equivalents winch 
obtain in the refractive (and dispersive) powers of different substances, 
m them he arrived at formula; that still remain the accepted mode of 
theoretical formulation of these phenomena. The main result, that 
<ji?— l)/(fi a +2) is propoitioual jointly to the density of distribution of the 
molecules, and to a function of the molecular free periods and the period of 
the radiation in question, rests essentially only on the idea of propagation 
in some type of elastic medium, and thus it was reached simultaneously, 
along different special lines, by H A Lorentz pnginally from Helmholtz’s 
form of Maxwell’s electric theory, and by L Lorenz, of Copenhagen, from 
a general idea of propagation after the manner of elastic solids. 

The other advance in physical science with which Prof. Lorentz’s name 
is most closely associated is one of greater precision, the molecular develop¬ 
ment of Maxwell’s theory of electro-dynamics This subject was never 
^watered upon by Maxwell himself, on the ground, probably, that the general 
** relations of the either, and in particular their dynamical bearings, offered 
a definite field which must bo fully probed and explored before the 
uncertainties connected with molecular complexity became npe for effective 
detailed treatment. But the theoretical difficulties connected with the 
sample law of the astronomical aberration of light, and particularly with 
the entire absence of any effect of the Earth’s uniform motion in apace on 
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terrestrial phenomena involving radiation, had more recently rendered this 
problem urgent Following on ^anous purely optioaf papers on the 
phenomena of moving bodies, Prof Lorentz, in 1892, elaborated a general 
molecular treatment in the memoir “ La TMorie Electro-magn&aque de 
Maxwell, et son Application aux Corps Mouvants,” which appeared in the 
‘ Archives Nderlandaises,’ and contains substantially Ihe main root ideas ot 
the subject In 1905 it was re-expounded with further development in a 
tract entitled “Versuob einer Theone der Eleotnsohen and Optiachen 
Ersoheinnngen in Bewegten Korpem," the mam feature being the elimina¬ 
tion of the dynamical element in the previous discussion in favoui of a 
formulation by a system of abstract equations, after the way first set out by 
Maxwell himself as a summary of his final definite results as distinct from 
the formative ideas underlying them, and afterwards brought into prominence 
by the expositions of Heaviside and Hertz 

By these writings Prof Lorentz has token a predominant place m the 
modem evolution of eleotnc and optical theory He has since been active 
in special applications, of which the best known has been his theoretical 
prediction of the physical features of the alteration of the lines oi the 
speotrum in a magnetic field, which had been discovered and has since been 
developed by his colleague Zeeman • 

Eoyal Medals 

The assent of His Majesty the King, our Patron, has been graciously signified 
to the following awards of the Medals presented annually by him to the Society 

A Royal Medal to Prof John Milne, FRS., for his work on Seismology. 
In 1875, Dr. Milne accepted the position of Professor at Tokyo, which 
was offered to him by the Imperial Government of Japan His attention 
was almost immediately attracted to the study of earthquakes, and he was 
led to design new forms of construction for buildingB and engineering 
structures with a view to resisting the destructive effects of shocks. His 
suggestions have been hugely adopted, and his designs have been very 
successful for the end m view. Incidentally he studied the vibrations of 
locomotives, and showed how to obtain a more exact balancing of the moving 
parts, and thus to secure smoother running and a saving of fueL Here 
again his suggestions were acoepted, and his work was recognised by the 
Institution of Civil Engineers 

He next devoted himself to the study of artificial shocks produoed by the 
explosion of dynamite m bonngs. He then studied actual shocks as 
observed at nine stations connected by telegraph wires. A seismic study of 
Tokyo, and subsequently of the whole of northern Japan, followed. In this 



II 


1906.] Anniversary Address by Lord Rayleigh. 

latter work he relied ou reports from 50 stations. The Government then 
took up the matter, increased his 50 stations to nearly 1000, and founded a 
Chair of Seismology for Mr Milne It iB due to his energy, skill, and know¬ 
ledge that the Japanese School of Seismology stands as the first in the world. 

While still in Japan he attempted to obtain international co-operation 
through* the representatives of 13 nationalities This first effort failed, 
but subsequently, on his return to England in 1895, he suooeeded, and 
reports are now received by him from some 200 stations furnished with 
trustworthy instruments, and scattered all over the world On his return to 
England he at once established his own observatory at Shide, in the Isle of 
Wight, and the work has been earned on continuously from that time up to 
now, mainly by his own industry and resources 

In Great Britain we owe everything in seismology to the British Associa¬ 
tion Their Committee was founded in 1880, and since that date Milne has 
been the moving spirit in the long career of its activity He has been the 
author of 29 annual reports, and these form m effect a history of the 
advance of seismology since it haB been recognised as a definite branch ot 
scienoe 

The knowledge which we have now acquired as to the internal constitution 
of the earth is more due to Milne than to any other man 

The work of Dr Henry Head, F E S, on which is founded the award of 
the other Boyal Medal, forms a connected series of researches on the Nervous 
System (made peitly in conjunction with Campbell, Bivers, Shorten, and 
Thompson), published for the most part m ' Brain' at various times since 1893 
up to the present date, and constituting one of the most original and 
important contributions to neurological science of reoent times 

His first paper (1893), founded on minute and laborious clinical investiga¬ 
tion, established m a more precise manner than had hitherto been done 
the relations between the somatic and visceral systems of nervea He 
confirmed from the clinioal side the experimental researches of Sherrington 
on the distribution of the posterior roots of the spinal nerves 

An inquiry into the pathology of Herpes Zoster (1900), which he proved 
abundantly to be due to inflammation of the posterior root ganglia, indicated 
that the areas of referred pain in visceral disease corresponded specially with 
the distribution of the fibres of the posterior roots subserving painful 
cutaneous sensibility 

Continuing his investigation* on the peripheral nerves, partly by experi¬ 
ments on himself, in conjunction with Itivers, and partly by examination of 
Oases of aooidental injuries to nerves, Head was led to formulate (1905) an 
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entirely novel conception and differentiation of the functions of the peripheral 
nerves, and of the paths for the respective forms of Banmlnlity which they 
convey—epicntie, protopatluc, and deep sensibility. Hus is generally 
regarded by neurologists as a research of quite exceptional originality 
and ability 

Following the course of afferent impulses, Head next showed (1996) that 
the sensory paths of the peripheral nerves at their first synaptic junction with 
the spinal cord become re-arranged, and ascend in different relations in 
certain definite tracts 


Davy Medal 

The Davy Medal is awarded to Prof William Augustus Tilden, FRS 

The researches of Prof Tilden extend into many domains His work 
on the specific heats of the elements in relation to their atomic weights 
described to the Society m the llakonon Lecture for 1900 and in two lafer 
papers published also m the ‘Philosophical Transactions,’ was of high 
theoretical importance The employment of liquid oxygen as an ordinary 
laboratory reagent, rendered possible by the researches of Dewar and others, 
enabled Prof. Tilden to test the validity of Dulong and Petit’s Law and 
of Neumann’s Law over a much wider range of temperature than was 
possible before, and gave a truer estimate of the nature of their validity 

In the region of organic chemistry, he has earned out important researches 
on the terpenes, such as that on the hydrocarbons from Pmus sylvestrm, on 
terpm and terpmol, and on limettin 

In inorganic chemistry, his investigation on aqua regia and on nitrosyl 
chlonde are especially noteworthy. He has assisted much in clearing up 
many points with regard to aqua regia about which obscurity remained 
His introduction of nitrogen peroxide and especially of nitrosyl chlonde as 
reagents has proved, in his own hands and m those of other workers, to be of 
very high value 


Dabwin Medal. 

The Darwin Medal is awarded to Prof August WeiBmann for his contribu¬ 
tions to the study of evolution. He was one of the early supporters of the 
doctrine of evolution by means of natural selection, and wrote in support of 
the Darwinian theory in 1868 His great senes of publications from that 
date onward must always remain a monument of patient inquiry. In 
forming an estimate of his work it does not seem essential that we should 



1908.] Anniversary Address by Lord Rayleigh. IS 

decide on the admissibility of his germ-plasm theoiy. It is in like manner 
unimportant that lie was, m certain respects, forestalled by Galton, and that 
his own views have undergone changes, * The fact remains that he has done 
more than any other man to focus scientific attention on die mechanism of 
inheritance. By denying the possibility of somatic inheritance, he has 
compelled the world to look at this question with a closeness of criticism that 
is wanting in all earlier inquiries In the opinion of what is perhaps the 
majority of uaturaliBts, he has achieved much more than this—he has 
convinced them that the solution of the problem of evolution must be sought 
along the lines of his doctrine of germinal continuity Thus the preformist’B 
point of view, for which ho has done so much forms the basia on which 
Mendelians and Mutationists art) at woik 

Weismann’s work was highlj estimated by Mr Darwin Thus he writes, 
in 1875 (‘More Letters,’ l, 356), of Weismann’s paper on Seasonal 
Dimorphism “ No one has done so much as you on this important subject, 
tr t on the causes of variation” .Again (‘Life and Letters,’ m, 198)* “I 
have been profoundly interested by your essay on ‘ Amblystoma,’ and think 
you have removed a great stumbling block in the way of evolution ” And, 
ouoe more, m January, 1877 (‘Life and Letteis,’ m, 231), Darwin wrote of 
Weismann’s ' Studien zur Descendenzlehre ’ “ They have excited my interest 
and admiration in the highest degree, and whichever I think of last seems to 
me the most valuable ” 


Hughes Medal. 

The Hughes Medal is awarded to Prof Eugen Goldstein. 

Prof Goldstein was one of the early workers on the modern detailed 
investigation of the eleotnc discharge in rarefied gases, and by long continued 
researches has contributed substantially to the systematic analysts of the 
complex actions presenting themselves in that field Of these researches may 
be mentioned his observations of the effect of magnetic force on striatums, of 
the phosphorescence produoed by the cathode rays, and of the reflection of 
oathode rays 

By his discovery of the so-called Kanal-Strahlen, or positive rays, he has 
detected an essential feature of the phenomenon, which, in his own hands 
and in those of other workers, has already thrown much needed light on the 
atomic transformations that are involved. 



14 


Anniversary Address, 


[Nov. 80, 


(APPENDIX,) 

Practical Suggestions on Mathematical Notation and Printing . 

It ib a Bubjeot of common complaint that mathematical m&nuscnptft are 
often prepared for press without due regard for the difficulties encountered in 
setting up the type, or for the appearance of the printed page 

The Council of the Royal Society have had under consideration for some 
time the desirability of taking steps with a view to dimmiBh the expense of 
printing and proof-corrections, and to avoid waste of space, and undue 
vanety of notation in papers by different authors in the same volume They 
have approved of the reprinting, with modifications and additions, of the 
substance of a Report to the Bntish Association on this subject, m the hope 
that greater uniformity and facility m mathematical typography may thereby 
be promoted The recommendations which follow are now offered, not m 
any authoritative way, but simply as a consensus of opinion, to this end 
it is understood that they were submitted m advance, for consideration and 
criticism, to the Council of the London Mathematical Society 

Abstract of Report of Bntish Association Committee * 

With a view to the questions referred to them for consideration, the Committee 
appointed by the Bntish Association made inquiries into the nature and processes 
of mathematical printing, and the difficulties attendant thereon, and it appeared 
to them that a statement of the results of these mquines would form the best 
introduction to the suggestions which they had to make 

The process of 44 composition * of ordinary matter consists in arranging types 
uniform in height and depth (or 14 body ” as it ib termed) m simple straight knee 
The complications peculiar to mathematical matter are mainly of two kinds 

First, figures or letters of a smaller size than those to which they are 
appended have to he set as indices or suffixes, and consequently, except when the 
expressions are of such frequent occurrence as to make it worth while to have 
them cast upon type of the various bodies with which they are used, it becomes 
necessary to fit these smaller types in their proper positions by special methods 
This process, which is called “ justification,” consists in filling up the difference 
between the bodies of the larger and smaller types with suitable pieces of metal 

• Report of the Committee, ooniuting of W Spottuwoode, F.R.S / prof Stokes, FRJ9, 
Prof Cayley, F B S, Prof. Clifford, F RJB , end J W L. GKauher, F R 8, appointed to 
report on Mathematical Notation end Printing, with the Tiew of leading mathematicians to 
prefer in optional oases such forms as are more easily put into type, and of promoting uniformity 
of notation — 1 B A Report,' 1875, pp 887*889 
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The second difficulty arises from the use oi lines or “ rules ” which occur between 
the numerator and denominator of fractional and (m one mode of writing) over 
expressions contained under radical signs In whatever part of a line such a rule 
is used, it is necessary to fill up, or compensate, the thickuess of it throughout the 
entire line ' 

The complications above described may arise in combination or may be repeated 
more tJmn once in a single expression, and in proportion as the pieces to be 
“ justified ” become smaller and more numerous, so do tbe difficulties of the 
workman, the time occupied on the work, and the chances of subsequent 
dislocation of parts augment 

The cost of “ composing ” mathematical matter may now (1908) in general lie 
estimated at somewhat more than twice that of ordinary or plain matter, the recent 
adoption of the point system m the casting of types having greatly simpkfied 
mathematical justification 

There are many expressions occurring in mathematics which are capable of 
Ixmig written in more than one way, and of these some present much greater 
difficulties to the printer than others* This being so, the Committee were of 
opinion that instead of making any specific recommendations, the most useful 
course they could take would be to append a table of equivalent forms specifying 
those which do and those which do not involve justification, and also a list of 
mathematical signs whuji may fairly be expected to be found, in the usual sizes, 
ready to hand among a printer's materials 

In recommending in this qualified way some forms of notation m preference to 
others, the Committee wished it to be distinctly understood that they were 
speaking from the printing, and not from the scientific point of view , and they 
were quite aware that, even if some of the easier forms should be adopted m some 
cases, they may still not be of universal application, and that there may be 
passages, memoirs, or even whole treatises in which they would be inadmissible 
The Committee drew attention to the advantages which may incidentally accrue 
to mathematical science by even a partial adoption of the modifications suggested 
Anything which tends towards uniformity in notation may be said to tend 
towards a common language in mathematics, and whatever contributes to 
cheapening the production of mathematical books must ultimately assist m 
disseminating a knowledge of the science of which they treat 


Mathematical Signs not involving “Justification ” 

X - + « y ± • • }<>- 

( [ } w 

a a' tti a 9 a% a 1 a* 
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Inrolnog justification 
X 

a 

Vi 

Vi 

Vx-y 


Not mrolving justification 
x/a or x-a or xia 
v'V or x 4 
v'x or as* 

y(c-y)or (x- v ) 4 


Equivalent Forms 


v'-l 


t or t 


x x+a 

ggx 
« - 


x(x + a) 

r *irx/a 


This British Association List, which has been abbreviated and modified, is 
now incorporated in the following — 


ItEOOMMENDATIONB REGARDING MATHEMATICAL NOTATION AND PRINTING 


Always— 
instead of 


x 

6 


2 


write \x J (a + b) 


a+| 

c d 
‘3 4 

g-f \b 

V+i d 


— J -5 

i+ J . 

b+r/d V^® nr tort X ~ 1 '* 


instead of a* .r+a VJ—y 


write x(x+a) \Z( a '~y) or (*—y)‘ 

In cuirent ordinary text— 

instead of - — */y+ftr t 

V+ 2 

»rite r/a (a+b)/(c+d) •'’/(y+JO £+-5- 

y o+e 



Excessive use of the slanting line, or solidus, is, however, undesirable, it 
may often be avoided by placing several short fractions or formulas, with 
the intervening words if any, on the same line, uistead of setting out each 
one on a line by itself The last of the examples given above illustrates an 
improper use, in which symmetry is spoiled while nothing is gained, either 
both fractions should be written with the solidus, as «/y+a/(&+c), or else 
neither as above. 
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The solidus should be of the same thickness as the horizontal line which 
it replaces , in sofbe founts of type it is too thick and prominent* 

Irregularities in the spacing of letters and symbols in the formulas as 
printed are often the cause of a general unsatisfactory appearance of the page. 

For centimetres, millimetres, kilometres, grammes, kilogrammes, the 
abbreviations should be cm, mm , km, gm, kgm (not oms, etc ), and so in 
similar cases. Present custom is against the use of the Bigns and •. • 

Symbols which are not provided in the usual founts of type are, as a rule, 
to be avoided Compounded symbols such as a or & usually involve 
justification, and are thus liable to become deranged or broken. The two 
examples here given have, however, become so essential that separate founts 
should be provided for them 

The use of a smaller fount for numerical fractions is now customary, thus 
always instead of aj 3 The use of negative exponents often avoids a 
complex fractional form , as also the use ot the fractional exponents, such as 
i and £ In the latter case as* is usually preferred to x notwithstanding 
that the latter is more legible 

Much is often gained in compactness and clearness by setting out two or 
more short formula on one line, instead of on consecutive lines; m that case 
they should be separate^ by spaces, indicated by the sign $ on the MS This 
would apply with even greater force to expressions such as * = a> = b, = e 

In the Preface to his 4 Mathematical and Physical Papers/ vol i, 1880, 
the late Sir George Stokes successfully introduced the limited use of the 
solidus notation, obtaining the assent and support of Lord Kelvin, Prof. 
Clerk Maxwell, Lord Payleigh, the Editors of the ‘Annalen der Physik/ 
and many other mathematicians He defined its use as restricted to tbe 
symbols immediately on the two sides of it, unless a brace or stop 
intervenes, thus am mrx/a is to mean sin ( rnrx/a ), but sin nfl./r* in case it 
is used, would mean (sm n$)/r\ 


VOL. LXXXtt—A. 


c 



18 


The Charges on Ifois produced by Radium. 

By €. E Haselfoot, M A , Hertford College, Oxford. 

(Communicated by Prof J S Townsend, F RS Received November 3, - 
Read November 12,1908 ) 

In a paper* on “The Charges on Positive and Negative Ions in Gases,” 
Prof Townsend has described a method for the direct determination of the 
quantity Nc, where N is the number of molecules in a cubic centimetre of a 
gas at standard pressure and temperature and e the charge on an ion His 
experiments were carried out on ions produced by the action of secondary 
Rontgen rays, and he showed that for negative ions the method led with great 
accuracy to the value 1*23 x 10 10 for Ne, the same as that for NE, where E 
is the charge on a monovalent ion in a liquid electrolyte. For positive ions 
the value obtained in the first set of experiments was 2 4 x 10 w , but 
subsequently with less penetrating secondaty rays it was found to be as low 
as 126 x 10 10 It would therefore appear that the positive ions have m some 
cases a single and m others a double atomic charge, whereas the charge on the 
negative ions is always the same • 

With a view of testing the theory for ions produced by radium, experiments 
have been made with an apparatus precisely similar to that used by 
Prof Townsend, and the results obtained confirm the reliability of the method 
Altei making due allowance for experimental and other known sources of 
error the positive ion appears to behave at all pressures and under all forces 
in aooordanoe with the theory, but m the case of the negative ion some 
considerable deviations were observed, if the gas is very dry, but these 
disappear as soon as some water vapour is added 

The method consists essentially m the production of ions in a field A, from 
wluoh those of one sign are passed into a field B through a hole of definite 
size. Here they diffuse and the charge received by a disc placed immediately 
below and of the same size as the hole is compared with the total charge 
received by the diso and a nng which surrounds it From the observed value 
of this ratio the quantity Ne is deduced. 

Some modifications of the apparatus used for Rontgen rays were necessary, 
in order to deal with the ions produced by radium In these experiments 
the ions are generated m the space A by radium placed in shallow horizontal 
grooves /, covered with thin aluminium foil, in brass blocks F, «*a«dn>g on 
the nng E. The space B is bounded by a series of brass rings G, kept at 
* ‘Roy Soc. Proe.,’ 4, vol 81,1908, p 464. 
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definite potentials m order to maintain the constancy of the field. Cue 
plate whose potential determines thedield A The tons generated in A pass 
through the grating g and then through the hole h They diflhse, and the 
ratio of the charges received by the disc D and the ring R is measured 



In conducting the experiments it is necessary to allow for the ions which 
are generated m the held B and also for the self-repulsion of the stream 
coming through the hole The charge acquired by the disc and nng due to 
ions produced in the field B is easily found by observing these charges when 
the held A is reversed Subtracting them from the charges received when 
the field A is the same as the field B, we obtain the charges due to ions 
coming through the apeiture The special difficulty, however, is to avoid the 
large effects due to the emanation and to the induced radio-activity in the 
field B These become larger the longer the apparatus is left undisturbed, and 
in one experiment, made atiout two months after the apparatus was set up 
were found to be more than twice the effect due to the field A They were due 
to tiie emanation escaping through and round the aluminium foil, which was 
kept thin in order to obtain measurable effects, and the movements of this 
gas would probably account for the considerable irregularities observed during 
preliminary experiments Now it has been shown by Mine Cune that the 
activity induced on surfaces is greatest for the lower portions of the vessel 
containing the emanation, so that it was considered advisable to invert the 
apparatus (m the original form of which, shown in the figure, A was the 
upper field), and thus cause the more radio-active surfaces to be m the lower 
space A A means was also provided of drawing a current of air through the 
apparatus from B to A, and it was then found that the number of ions 
produced m the space B could be made small, thereby diminishing this 
correction. The other correction is for self-repulsion It can he shown that 
this effect vanes inversely as the square of the electrical force Z in the field B, 
and approximately directly as the square of the pressure. It can thus be 
reduced at will by diminishing the pressure and increasing the force, but a 

o 2 
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diminution of preasure, beyond a certain point, decreases too seriously the 
charge to be measured, whereas an increase of force concentrates such a huge 
proportion of ions on the disc that the effect of the clearance between the 
disc and the ring may become comparatively large, «"*, further » an y 
error in the determination of the ratio leads to a far larger percentage error 
in the value of Nc This will be clear from an inspection of the grarf 1 given 

in fig 2 



The method of deducing Ne from the observed value of Rhas been explained 
in the paper already referred to. The connection between these quantities is 
best shown by means of a curve, and the graph m fig 2 gives R in terms of 
(Nr Z)/P, where Z is the electric force, and P atmospheric pressure The 
ourve corresponds to the case in which the aperture is 7 cm. from the disc, 
and the diameter of the aperture 15 cm When N e is 123 x 10“ and Z 

1 volt per centimetre (Ne. Z)/P is approximately 40 

Observations were made at pressures of 4 5, 9, and 14 5 mm with forces of 
1, 2, and 4 volts per centimetre both for positive and negative ions Rejecting 
those subject to various sources of error, the following results remain —For 
positive ions, three at 2 volts per centimetre giving Ne *» 126 x 10», and five 
at 4 volts per centimetre giving Ne m 137 x 10“, for negative ions, three at 

2 volts per centimetre giving Ne * 124 x 10 1# 

The observations at 1 volt per oentunetre are almost all subject to too large 
a correction for self-repulsion, rising in some oases to 20 per cent, to make 
them reliable. Those for 4 volts per oentunetre are subject to greater expen- 
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mental errors than those at 2 volts per contimetre, and this may possibly 
account for the large value of Ne deduced m the case of positive ions from 
observations at this force The most accurate results can be obtained at 
pressures of from 4 to 6 mm and forces of 15 to 2 volts per centimetre 
Further experiments arc to be made under these conditions with air and other 
gases, tod it is hoped by reduomg the ionisation in the field B to obtain more 
accurate results. 

As m the case of ions produced by Boutgen lays, it was found that the 
negative ions produced by radium did not obey the simple laws of diffusion 
when the air is very dry Tlus appears from the fact that the ratio R does 
not vary with the force Z as given by the theory, and that it depends on the 
pressure As the drying proceeds, the departure of R from the value given 
by the curve (assuming Ne = 123 x 10 1 ") is most marked with large values 
of Z and small pressures Thus the mean of six observations at the force of 
4 volts per centimetre, all giving very low values, is 0 584 (instead of 0 682) 
With a lowei force this departure froui theory occurs less frequently, and 
then as a rule at low pressures With a force of 1 volt per centimetre, and 
pressures varying from 8 to 2 5 mm, the numbers found on one day varied 
from 0 390 to 0 329 , the theory gives 0 429 For a force of 2 volts per 
centimetre and a pressure of 2 5 mm the number obtained was 0311, that 
given by the theory being 0 572 These experiments were then repeated 
after admitting moisture, and the values of the ratio obtained agreed with 
the theory within the limits of experimental error 

A point of some interest is the fact that it was found easier to experiment 
with negative than with positive ions This is probably due to tho action of 
the emanation By placing the field B, in which the diffusion takes place, 
at the top of the apparatus, the radio-activity caused by the emanation is 
confined as far as possible to the lower field A, and it is then found in the 
case of negative ions that the charge due to the ionisation occurring in 
field B seldom exoeeds one-third of that coming from field A With 
positive ions, however, it is frequently as large as one-half In a strong 
eleotno field the excited radio-activity is confined entirely to the negative 
eleotrode, and Rutherford has found that this is the case down to a pressure 
of 10 mm When the disc D and ring R are receiving negative ions the 
forae would tend to keep the emanation in the lower field, but for positive 
ions, when the duo and the ring round it form the negative eleitrode, the 
eleotrio force tends to bring the emanation into the field B The correction 
for the ionisation m the field B is therefore large and subject to variations in 
the experiments with positive ions, and also from the same cause difficulties 
arise in making an accurate estimate of the effect of self-repulsion 
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So far the results are m satisfactory agreement with th^se obtained by 
Prof. Townsend, with Rontgen rays, o$d it is hoped to make further experi¬ 
ments and to see if it is possible to obtain positive ions with double the 
atomic charge by means of radium rays. Possibly the molecules of a gas 
are ionised in different ways by the «, and y types of radiation, and it is 
not quite certain which kind of radiation had the predominating effect in 
the production of the ions in these expeumenfcs, though probably the greater 
numbers were due to the a-rays 

I am greatly indebted to Prof Townsend foi most valuable advice and 
assistance throughout. 


A Comparison of the Radium Emanation Spectra obtained by 
• different Observers 

By T Boyds, M.Se, 1851 Exhibition Scholai 

(Communicated by Prof E Buthorford, F K S Received November 26,—Read 

December 10, 1908) 

• 

In 1904 Sir William Ramsay and Prof Collie* gave a list of lines 
produced by the discharge in a vacuum tube containing radium emanation, 
but the uncertainty of these numbers made a redetennination desirable A 
latei determination by Mr Cameron and Prof Ramsayf was communicated 
to the Royal Society on June 25, 1908, and was published on August 27, 
together with corrections, and a final compilation of verified emanation lines 
added on August 5 After Prof Rutherford had completed the measurements 
of the volume of the radium emanation, he and the writer were able to 
photograph the speotrum that had been observed in the course of this work, 
and we published m ' Nature,’ July 9,1908, the wave-lengths of the stronger 
lines observed by us in the emanation s^iectrum, and a more complete list, 
containing 73 hues, with an accuracy of 05 AU, was given m the 
‘Philosophical Magazine’ of August, 1908. Measurements which I have 
recently made to within 01 A.U by means of a concave grating confirm the 
accuracy of our previous determinations 
The complete purification of the radium emanation demands a lengthy 
and painstaking procedure, and is a matter of considerable difficulty, for the 
volume of pure emanation available m our experiments would occupy at 

* ' Roy Boa. Proa,’ voL 73, p. 470, 1904 
t < Roy. Soa Proa, 1 rol 81, p. S10,1908 
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atmospheric pressure not more than one-tenth of a cubic millimetre The 
vacuum tube employed must therofore be of small dime ns ion s, and all trooe& 
of foreign gases have to be removed from the walls and the electrodes of the 
tube In the experiments of Rutherford and Royds, using the method of 
purification recently developed by Prof Rutherford * a complete day's work 
was tak^n up before the vacuum tube was filled with the pure emanation 

We have observed the spectrum of the radium emanation at least eight 
tames, and have obtained almost exactly the same spectrum on each occasion 
We have drawn attention to variations m the relative intensities due to the 
presence of foreign gas In the different experiments of Cameron and 
Ramsay, however, the spectrum is seen to vary considerably In their first 
experiment, the spectrum consisted chiefly of hydrogen, together with 
nitrogen, and also (presumably) mercury,f and of the lines remaining, winch 
alone are given m their list, the strongest are quite absent from our spectrum, 
a few of the fainter lines are probably identical with some of the strongest 
emanation lines. In the second experiment of Cameron and Ramsay, allowing 
for a possible error of 4 or 5 A U in their measurements, the strongest lines 
in the spectrum are, roughly speaking, those strongest in our spectrum At 
the end of their final list of August 5, Cameron and Ramsay state that 
our figures show a very jdose agreement with theirs A careful examination 
shows, however, that there are staking differences too marked to be explained 
as errors in measurement or vaaations of intensity due to impurities, foi 
rnauy of the strongest lines are absent altogether from our spectrum, and also 
from their own previous determinations 

Investigating these differences several weeks ago, I noticed that after 
leaving out the well-marked emanation lines, the final spectrum of Cameron 
and Ramsay was almost identical with the xenon spectrum obtained by the 
discharge from a Leyden jar with apart gap} An examination of the 
accompanying table shows that the spectrum attributed by them to the 
radium emanation is mainly a compound of the xenon spectra obtained with 
and without Leyden jar, the jar spectrum having been brought out, probably, 

* ‘Phil Ma*,’ May, 1*08. 

+ In none of oar photographs have the mercury lines been present, though the green 
line 6461 has been teen faintly in visual observations. Neither were the hydrogen lines, 
except seen when preliminary precautions had been taken for the removal of hydrogen 

from the electrodes 

} Hie author la reminded that Prof. Lueing had remarked last summer the similarity 
of this emanation spectrum to that of xenon, Sir J. Dewar reported the circumstance at 
he British Association meeting in September The author is convinced that there is no 
real coincidence w the emanation spectrum with the spectra of any of the rare atmo- 
phene gases. 
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by the heaviness of the discharge employed Practically^ the only strong 
xenon line not included in their hst # is the line 4862 69 (intensity 8), which 
was doubtless hidden by H* 486149 

After eliminating the lines due to xenon fiom their last photograph con¬ 
taining 64 hues, there lemain 11 Of these, eight are seen to be some of the 
strongest lines of out spectrum. Taking into account the complete list of 
Ramsay and Cameron's lines, including those printed m italics, which were 
seen only m previous photographs, the number of emanation lines amounts 
to 16, there are, of course, numerous coincidences within the accuracy of 
their measurements, of xenon lines with possible emanation lines 

Table 


Guneron 



Inten- 

Inten¬ 

sity 



and Ramsay's 

Inten* 

Xenon 

sity 

Rutherford and Boyds'* 

Iuten 

emanation 

sity 

(B*ly) 

without 

values 

sity 

spectrum 


>*• 



7060 

2 






6160 

2 






6101 

2 

6097 80 

— 

7 



6056 

2 

6061 86 

— 

7 



6960 6 

2 

6976 67 

— 

7 



6679 5 

2 






6666 

2 




• 6582 2 

8 

6446 

1 

6489 19 

_ 

8 



6419 

4 

6419 40 

— 

10 



6870 

2 

6372 62 


8 



6835 

a 

0889 56 

-— 

9 



6289 

6 

5292 40 

— 

10 



6068 

2 

6080 88 

“* 

7 

Probably 6084 46 

4 

4979 

2 

4978 49 


4 

Possibly 4979 02 

4 

49S6 

2 

4021 68 



Possibly H(C and R.) 


4920 

8 

— 

6 




4919 86 

_ 

4 



4888 

2 

4888 68 

— 

6 



4873 

2 

4876 68 


7 



4848 5 

10 



10 



4816 

2 

I 4818 16 

— 

4 

Possibly 4817 33 

4 

4806 6 

1 

i 4607 19 

6 

1 


4768 

2 

i 4769 21 

— 

4 



4781 5 

2 

| 4734 80 

8 

1 



4724 

4 




4721 70 

6 

4696 5 

2 

i 4698 20 

— 

6 



i 

1 4697 17 

7 

— 



4681 

6 

4688 76 

— 

6 

Possibly 4680 92 

10 

4672 

7 i 

4671 42 

10 

2 

4652 6 

3 

4662 15 

— 

6 



4645 6 

6 




4644 29 

10 

4626 6 

10 

4624 46 

16 

2 

Possibly 4626 68 

8 

4616 

2 

4616 72 

— 

6 


4610 

2 




4609 40 

7 

4605 

4592 

4585 

10 

1 

4 

4608 21 
4592 22 
! 4686 66 

— 

10 
i 6 
! 10 

Possibly 4605 46 
Doubtful (0 and B.) 

4 

467S 5 

8 

i 4577 86 

— 

6 

Possibly 4577 *77 

7 

4546 5 

2 

4545 84 

— 

8 


4641 

1 

4641-08 

— 

8 



4582 5 

2 

4582 67 

1 — 

! 6 









1908.] Emanation Spectra obtained by different Observers. 2b 


Cameron 
and Ramsay's 
emanation 
spectrum 

« 

Intcn 

«ty 

1, 

t| Xenon 

I 1 (Baly) 

!i 

Inten¬ 
sity • 
without 
jar 

In ton 
sity 

with jar 

1 

Rutherford and Roycb*s 
Yalues 

Inten* 

sity 

4624 

4 

1 

4624 *83 

6 


Possibly H (0 andK) 


• 


4624 88 

— 

6 



4600 

4 




4508*68 

0 

4506 

2 




4608 89 

2 






Doubtful (0 and R ) 


4601 

8 

4601 18 

10 

2 



4481 

4 

' 4481 01 

— 

7 



4468 6 

8 

4402 88 

- 

20 

Possibly 4460*0 

10 

4440 

4 

4448 28 


10 



4441 5 

<1 

4441*08 

— 

3 

Possibly 4430 88 

2 

4486 6 

<1 

4484 36 

— 

6 

Possibly 4486 *36 

6 

4416 6 

4 

4416*00 

— 

7 



4801 

8 

4806-91 

— 

10 





4803 84 

— 

10 



4840 

6 




4340 81 | 

16 

4881 

4 

4380 63 

— 

16 



4807 

2 




4308 8 

10 

4246 

4 

4246 64 

— 

10 



4280 

8 

4288 37 

— 

10 



4204 

6 




4203 80 

10 

4m 

3 

! 4103 26 

8 

8 

Probably 4188 2 

6 



i 4180 20 

— 

10 



4167 

c 

1 i 



4166 6 

20 

4114 

3 

4116 25 

— 

7 

Probably 4114-71 

7 

4018 5 

4 




4017-00 

10 

3988 

8 

• 



8081 83 

12 

3973 

6 




8971 71 

0 

3968 6 

3 




3057 30 | 

7 

3879 5 

10 

8880 60 

— 

6 

1 




3877 -96 

— 

8 

1 

1 


3866 5 

6 




3807 6 1 

4 

3866 6 

4 




j 



Jt is not possible to explain the presence of so large a quantity of xenon 
as must have been in the spectrum tube as being due to a leakage of air 
into the apparatus Prof Itutherford and I have made special experiments 
to test whether xenon was present with our preparations of emanation, but 
oould not detect any trace of this gas. It is probable that there has been, 
m the experiments ot Cameron and Ramsay, an unsuspected contamination 
with xenon. 

Cameron and Ramsay attribute a line at 4058 5 to the active deposit of 
the radium emanation, since its relative intensity increases with the length 
of tame that the discharge has passed Mercury lines will, of course, behave 
similarly as the emanation is driven into the walla It appears probable 
that they have overlooked a mercury line at 4057*9, which is present, 
according to Eder and Yalenta, in the vacuum tube discharge at ordinary 
temperatures, with an intensity 4 compared with intensity 10 for the 
mercury line 4046 8 
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The Extension of Cracks tn an Isotropic Material. 

By A Mallock, FR.S 

a 

(Received November 9,—Read December 10, 1908 ) 

The formation and extension of cracks m solids is a mattei of considerable 
practical importance, but, as far as I am aware, the strains in the material at 
the extremity of a spreading crack have not been considered in detail either 
by engineers or physicists 

It is a matter of common observation that in some materials a ciaok will 
spread with great facility whilst in others the reverse is the ease (1-lass and 
ludiarubher may be mentioned as extreme cases Between these two, endlesB 
gradations of brittleness and toughness can be found 

That the facility with which a crack spreads does not depend only on 
the breaking stiam of the material or on the work required to cause 
rupture in apparent from the fact that (a) although the tension modulus of 
ruptuie for glass is comparable with (though less titan) the same modulus 
for oast iron and brass, the facility with wluoli a crack can he started and 
spread in it is immensely greater, and (b) though the modulus of rupture 
for indiarubber is comparatively small it requires more work to break a 
piece of this substance by tension than to break in the same way a piece 
of glass of equal area the reason of course boing the very small extension 
which can be given to glass without rupture 

Any specified strain m a solid can be represented as a combination of 
shear and volume extension or compression, and both for volume exten¬ 
sion and shear there are limits whioh if exceeded either cause rupture 
or leave the material m an altered condition when the stress is removed 
The ordinary tests which are applied to structural materials involve in 
general both volume alteration and shear, but the limits for the two forms 
of strain are distinct and perhaps independent of one another 
In liquids the coefficient of distortion /i is evanescent and there is no 
limit as regards the magnitude of the shear, but « the volume 
is finite and comparable with that for solids, and there are limiting 
values for the volume expansion of liquids which if exceeded etiw dis¬ 
continuity. 

In many liquids, eg, water and mercury, it is known that the facetting 
strain for volume extension is large although there are experimental 
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in measuring the exact amount There is, however, no known limit of 
lupture for the volume compression of either solids or liquids* 

Tt would be a matter of interest and importance to determine for 
solids whether, and how fai, the existence of one form of strain influenced 
the limits of the other whether, for instance, a body subjected to 
volume extension would require more or leas shear to rupture it than when 
the volume was normal 

This point has not, as fai us I know, been made the subject of experiment, 
but for the purpose of this note I shall assume that if a strain which 
exceeds either of the limits is applied to a solid, rupture will be due to that 
property of the substance foi which the limit is least, and that if the distoi- 
tion limit is the smaller of the two, breakage will oocur at right angles to 
the lines ot greatest extension, whereas it the volume limit is the least the 
direction ol the break will he indeterminate 
Considei a solid partly divided by a crack in a certain plane and subject 
to equal and opposite forces symmetncally applied at points on eithei side 
of and equidistant from the plane 

Since the piano of the crack is a plane of symmetry, the solid on one 
side of this plane may be supposed to be absent and its place to he taken 
by the tractions required to keep the strain unaltered 
The problem then becomes one regarding the strain produced by a 
given distribution of stress over a finite area of the plane surface of an 
otherwise infinite solid 

The further development of the cxack depends only on the action which 
takes place m the immediate vicinity of Jts end for the time being It 
would be superfluous therefore to refer to the solutions of the above problem 
which have been given by Boussinesq and others, for these solutions do not 
apply to points extremely close to the margin of the area of the applied 
stress, and for the present purpose it is only with regard to such points 
that information is lequirecL It may be seen, however, that lines of strain 
near the margin must be of the type sketohed in the accompanying 
•diagram, and that the strain and stress would be infinite at the end of 
the crack if there were no elastic limits Hence one may conclude that 
even the smallest force when applied to a cracked solid will cause some 
permanent set at the end of the crack if the material can yield m this 

* This may give an explanation of the difference between malleability and ductility 
Under the the strain is a shear combined with volume compression, while in 

* drawing" the material undergoes shear combined with volume dilatation. Tn general, a 
body which is ductile will also be malleable, but the oonverae need not hold 
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way,* or, if rupture ensues when the elastic limit is exceeded, that the crack 
will be extended • 

Iu most homogeneous solids the area over which the stresses exceed the 

mean stress at some moderate distance 
from the end of the craok will be of the 
same order as the square of the width of 
the crack, an area so small that it is not 
unlikely that the elastic and other limits 
of the material within it may be altered 
by the same cause which produces surfaoe 
tension in liquids 

The proportion of shear to volume exten¬ 
sion is dependent on the value of Poisson’B 
ratio foi the substance, and increases 
indefinitely as this ratio approaches one- 
half, but the limits to which the volume 
can be altered, or the substance distorted, without rupture do not necessarily 
involve a at all 

If the conditions of strain at the end of the crack are such that material 
gives way from ovei-distortion, the fracturo will o<*jur in the plane of the 
existing crack, which will therefore spread continuously while if the over- 
dilatation is the origin, the breakage may take place in any direction. 
If at any place the plane of the new hacture cuts the plane of the craok 
there will be a rearrangement of stresses, and a relatively considerable 
length of material will have to be strained before further rupture is possible, 
and thus the cross fractures will act as a bar to the further extension of 
the crack. 

I conclude therefore that in materials such os glass or other substances 
in which craoks spread m nearly constant directions that rupture is due 
to the distortion limit, and that where a craok extends with difficulty in 
a wandenng mannei, the dilatation limit is the one which has been 
exceeded. 

The rapid alteration of the direction in which fracture takes place may 
give rise to the fibrous appearance which often shows itself on broken 
surfaces m such cases. 

When the hunts for both fi and k are reached at nearly the same 
time, a very small change in either, such as might occur in a body 

* The fact that a craok does not done completely when the force which it ceases 
to act is evidence that some permanent set has been set up 
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nearly but not quite homogeneous, would alter altogether the appearance of 
a fracture * 

In this note only isotropic materials are considered, but it seems probable 
that the same principles might be used to explain the cleavage of crystals 


The Rotation of the Electric Arc in a Radial Magnetic Field 

lly »T Nicol, BA., B Sc, Wheatstone Laboratory, King’s College, London 

(Communicated by Prof H A, Wilson, FES Beceived October 1,— 

Read December 10, 1908 ) « 

The following paper contains an account of a senes of measurements of the 
velocity of motion of an electnc arc in a magnetic held at nght angles to its 
length The experiments are similar to those made by Prof Wilson and 
Mr. G H Martyn* with the electnc discharge in a vacuum tube and were 
•suggested by Prof Wilson 

The apparatus consisted of a vertical iron rod (hg 1, A) magnetised by two 
solenoids B at its ends, wound in opposite directions, so as to give a pole in 
the middle of the bar With this arrangement the field round the middle of 
the bar is uniform and radial The distance between the two solenoids was 
fixed by a quartz tube C, which also served to protect the iron rod from the 
heat of the arc 

The arc passed between two copper tubes D, 2 cm m diameter, held coaxial 
with the iron rod by a clomp made of wood and brass The copper tubes 
were clomped m holes cut m two pieces of thick (6 mm ) sheet brass E, fixed 
to the top and bottom of a block of hard wood F The required arc length was 
obtained by clamping the electrodes while they were pressed firmly against a 
gauge of sheet brass held between them. 

The base of the iron rod and the stand carrying the arc electrodes each 
rested on three screws in a hole slot and plane fixed to the table by paraffin 
wax Thus the whole apparatus could be quickly taken down and set up 
again m the same position This was necessary to enable the electrodes to 
be renewed after each experiment 

The arc was m all cases started with the magnetic field already in action, 
by momentarily bringing a piece of arc-lighting carbon in contact with the 
two electrodes. 


* • Roy. Soc. Proc.,’ A, vol 79,1907 
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Experiments were first made with carbon electrodes, but though the 
discharge could be started and woqld occasionally make a few revolutions it 
never lasted for more than one or two seconds An non-iron and an iron- 
mercury arc were tried with equally unsatisfactory results Then a copper 
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arc was used and with it all the experiments described in tins paper were 
made 

The current for the arc was taken from the electric lighting supply at 
200 volts and as the arc used only about 50 volts a large amount of resistance 
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had to be put ip the circuit A few experiments were done with the 100- 
volt supply, but the arc was then mach more liable to go out before the 
necessary reading had been obtained, it was therefore preferred to use the 
200-volt supply The current used was measured by means of an Elliott 
portable standard ammetei reading up to 15 amperes 

Though the copper arc was much more stable than any of the others which 
had been tried, the discharge seldom lasted for longer than thirty seconds, and 
then only when brightly polished electrodes were used After every second 
or third discharge therefore, the apparatus was taken down and the electrodes 
replaced by fresh ones while the old ones were repolished in a lathe with fine 
emery paper. 

As the discharge only lasted for so short a period, a stroboscopic method of 
measuring the speed of rotation was out of the question, and m place of it a 
photographic one involving the use of a rotating mirror was employed The 
mirror was fixed not quite normally on one end of the shaft of a small 
electno motor When the motor was working, a point Bourco viewed m the 
mirror appeared drawn out into a circle of light, and if the point source was 
intermittent this circle was broken into as many dots as the number of times 
the source became active during each revolution of the motor The inter¬ 
mittent source was obtained by placing a vertical slit in front of the arc. 
This was illuminated by the arc once every time it revolved xound the iron 
bar The image of the slit in the lotatmg mirror was then photographed with 
an ordinary camera The shutter was adjusted so that the plate was exposed 
for a little longer than the time taken by the mirror to make one revolution 
By this means a slight overlapping of the dots at the beginning and end of 
the exposure was insured and it was consequently easy to count to the nearest 
tenth the number of revolutions made by the arc during one revolution of the 
mirror 

Imperial Special Bapid plates were used and gave satisfactory results, 
isochromatic (Impenal NF) plates were tued but did not give nearly so 
dense an image Three exposures were taken on each plate, the rising front 
of the camera being moved between each pair of exposures To count the 
number of dots the negatives were copied on tracing paper, as the counting 
was more easily done on these tracings than on the original negatives 

To turn the mirror an £-HP series motor designed for 100 volts was 
employed It was used, however, as a separately excited machine, the field 
magnet circuit being connected to the 100-volt mains through on 8-CP. 
lamp, and the armature windings supplied with current from an 8-volt 
accumulator. The speed was regulated by an adjustable resistance in the 
armature circuit. The number of revolutions made by the motor was 
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registered by a Yeeder revolution counter (fig. 2, E) fixed to the opposite end 
of the shaft from the mirror To determine the speed, the time of 100 revolu¬ 
tions was taken with a stop-watch. 
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The motor was run at about 250 revolutions a minute, and the camera 
exposure was about f of a second (a nominal second with a TJmcum 
shutter). 

The relative positions of the arc A, motor D with mirror B, and the 
camera G, are shown in fig. 2 

Theory of the Rotation of the Are 

If k\ and k% are the velocities of the ions due to uut electric force, the rate 
at which the arc moves is given by the expression* 

v = BXhh, or 

if n is the number of revolutions the arc makes per second, and H and X 
the magnetic and electric forces, and r the radius of the electrode. 

The following is a proof of this relation. The velocity of drift of an ion 
along the arc is Xk Thu motion of the ion in a magnetic field ft 

* Wtltfon and Martin, he . cU. 
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transverse electric force H XJc to act on the ion which gives it a transverse 
velocity HX& 3 Hence the transverse displacement of an ion while it passes 
from one electrode to the othei is HXZ? 1/X.k = Kkl where l is the arc length 
Although, unless the velocities of the two ions are the same, the arc will 
not remain parallel to the axis during rotation, the two endB will eventually 
move at the same speed and their position will be given by 

y\ = vt foi anode end, = a+vt loi cathode end. 

A positive ion staiting from the anode and moving to the cathode in a 
time l/Xki must then travel a distance a + vl/Xk^ transversely 
Similaily, the transverse motion of a negative ion is — a+vl/Xka 
Equating these to the values previously found, we get 

ct+W/XZ, = HZ if, -a+vlJXh = HZ*Z 

thus />=HXZj/a 

Eliminating r instead of a from the above two equations, we get 

a/l = H(Zi-Z a ) 

The maximum value of H used was 150, and k the velocity of the ions m 
unit (OGS electromagnetic) field is not greater than CxlO -9 , so that a/1, 
which measures the inclination of the arc to the axis, is always very small 
This explains the observation made by Wilson and Martin that the discharge 
in their experiments always remained perpendicular to the electrodes during 
its motion 

Measurement of the Magnetic Field H 

The magnetising cunent was supplied from an 8-volt accumulator, and was 
measured by means of an ammetei similar to the one used for the measure¬ 
ment of the arc current, but reading only to 5 amperes The ammeters are 
issued as correct to 1/5 per coiit, and they were found to agree with one 
anothei perfectly A reversing key was included in the magnetising circuit, 
and the current was fiequently reversed when any change was made in the 
magnetisation. In going from a lughei to a lower magnetisation, the iron 
was first demagnetised by the method oi reversals, in order to insure that the 
held should be a definite function ol the magnetising current and independent 
ol the permanent magnetism retained by the bar 
The actual values of the field (or rather of H /r, which is constant for a 
radial field) for different magnetising currents, were found as follows, the 
method being the same as that used by Wilson and Martin 
Two eoils of 50 turns each were wound in grooves turned on a boxwood 
cylinder of the same diameter as the copper tubes used as electrodes for the 
arc discharge The two coils were first connected in opposition and placed is 
VOL. lxxxii,—A J> 
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the position usually occupied by the arc The coils were connected to a low 
resistance Broca ballistic galvanometer, and the deflections produced by 
reversing various currents in the magnetising solenoids of the iron bar 
observed The connections of the coils were then so altered that they were 
m series! and that a current would pass round them in the same direction 
The coils were removed fiorn the iron bar and placed along the axi&ot a long 
solenoid at its centre, and the deflection produced by reversing the current m 
the solenoid observed. 


Let n be the number of turns m each coil on the boxwood cylinder, 
r radius of mean area of section of these coils, 
l their sepai ation, 

N number of turns on long solenoid 

2L and £ its length and radius 

%o the current in amperes reversed in it 

B and 8 0 the galvanometer swings produced by reversing the field due 
to the non bar and to the long solenoid respectively , then 


8 

Bo 


‘Jtnirr* 


112irrln 
4riT/ t B 2 \ 
2L \ Lv 


b * 
10 


H * to 4R 3 \l 


Substituting the values used, 



4 76 4w200 
10x98 26 4 


0974 W = 420S 


The values of 8 wero plotted on squared paper against the values of 
the magnetising current in amjieres i H , and were found to ho on a straight 
hue Substituting the value thus found, we get 

H/r ss 420x83(i n -01) = 349(i„-01) 

As H fr ncours in the expression for the ionic velocities, it is obvious from the 
above deduction that it is not ueoessary to know either the diameter of the 
coils on the boxwood cylinder, or the number of turns in them The d nun«fajn», 
of the coils was, however, made equal to the diameter of the arc electrodes, to 
avoid any error which would result from the hold not being radial Hie 
separation of the coils was four or five tunes the length of arc usually 
employed, but this does not introduce an error, inasmuch as experiment 
showed that the field varied very little along the iron bar, the variation being 
under 1 per cent per centimetre The equality of the number of turns m the 
two coils was tested by placing them, together with an iron core, inside the 
long solenoid while they were connected in opposition The deflection 
obtained on reversing the current in the solenoid was negligible compared with 
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that obtained when a single turn of wire round the core was substituted for 
the two coils in opposition 

All the connections of the coils were soldered so that the total resistance 
m the circuit, about 2 ohms, should be the same m both experiments. 

Measurement o the Flcctne Force X 

• 

In order to obtain a value of the electric force m the aro, it was assumed 
that the change in the P D observed when the length of the arc was altered 
at constant current was equal to the product of the electric force and the 
change in length Tins is equivalent to assuming that the potential-drops 
at the two electrodes are independent of the length of the arc Probably 
this is not quite tiue, as lengthening the arc may affect the temperature 
of the electrodes In any case the method is only a rough one, as the 
change m the PI) used is only the difference between two much larger 
observed P D’s No letter method of measuring the held, however, suggested 
itself 

The value of the arc P D was measured foi various currents for arc lengths 
of 0 272 and 0 360 cm by means of au Elliott portable standard voltmeter 
reading to 120 volts When the arc was not running, the P D between the 
electrodes was 200 volts • To piotect the voltmeter from this high voltage, 
an automatic switch, actuated by an electromagnet in the mam arc-cirouit, 
was used 

Very rough experiments showed that the rotation of the arc had a con¬ 
siderable effect on its PI), which was about 10 volts higher when the 
arc was stationary than when it was moving At first it seemed that the 
speed of rotation had an effect on the P D, but more careful experiments 
showed that this was not; the case The spuuous effect at first noticed 
was caused by using the electiodes foi a second discharge without cleaning 
them In order to obtain consistent readings, it was found to be essential 
before each experiment to repohsh the electrodes m a lathe If the aro was 
started again after it had gone out, it was found that the P D. had gone up 
by 3 to 4 volts. In most coses the P1) remained quite steady dunng the 
first discharge, however long this lasted, but rose several volts as soon as the 
discharge was stopped and restarted With currents of about 5 amperes a 
curious phenomenon was noticed Soon after starting the discharge, the P D 
would nse steadily 4 or 5 volts and then fall ogam to its original value, 
remaining steady until the arc weut out This did not happen with larger or 
smaller values of the current* 

The values of the PJ> obtained were multiplied by the arc current and 
the resulting product plotted against the current, as was done by Mrs Ayrton 



36 


Mr. J. Nicol. The Rotation of the [Ooi 1, 

in the case of the carbon arc The curveB obtained were,not quite straight 
lines aa they were in Mrs Ayrton’s experiments, but were very nearly so 
Corresponding ordinates of the smooth curveB were subtracted, and the 
differences h (Vi) plotted against i The points thus obtained lay with 
sufficient accuracy on a straight line giving 

J(V.) = 8-76+6., S> 0 -> 55 (5 + ’J5) = 57 + ‘|r 

The observations on which this formula is based are given in 
Tables I, IT, III Table l shows how V depends on the rotation of the field 
and the newness of the electrodes Table II contains the experiments with 
an arc length of 0 272 cm , Table III those with an arc length of 0 360 


Table I 


A 


t 

V 

1 

2 8 

7 9 

42 5 

1 

2-0 

7 9 

42 

•1 

1*0 

7 9 

42 

*2 

2 8 

— 

46 6 

*4 

2 8 

— 

48 

•7 

0*0 

9 5 

81 

1 

2 5 

4 3 

# 48 6 

1 

1 0 

4 6 

48 6 


" a ’’ is the number of the experiment after insertion of new electrode* 

• These experiments were done with the same electrodes and the same resistance in mrouit 


Table II 


* 

V 

V* 

1 46 

64*0 

93 

3 0 

68 6 

160 6 

4 4 

46 6 

213 

6 2 

46 76 

248 

6 4 

46 8 

262 

6 6 

48 *7 

268 

7 9 

42 2 

833 

8 46 

40 *0 

838 

9 3 

40 2 

374 

11 6 

87 6 

435 

18*0 

87*0 

481 

16 1 

l 

86 0 

628 


Table III 


i 

v 1 

Vt 

J fis 

69 0 

104 

2 0 » 

04 75 

m i 

2 95 

60 5 

178 

3 36 

57-75 

198 

4 78 

63 76 

264 

6 18 

52 6 

269 

6 7 

48 5 

825 

7 8 

47 0 

867 

® 4 

46 5 

890 

9 76 

44 4 

482 

11 47 

48 0 

492 

n 7 

48*0 

608 

la 4 

42*0 

563 

14 2 

i 

40 70 

577 


The particulars of the experiments on the speed of rotation of the arc are 
collected in Tables IV—VII It was found that there was a wmmdmHe 
falling off m the speed of rotation if the same eleotrodes were u sed a 
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time without cleaning, this wob especially noticeable when the arc length 
was short (under 2 mm) On this account only those experiments which 
were made with freshly polished electrodes have been tabulated! and all 
such experiments are included in the tables (Two second experiments are 
included, but a special allowance is made for them ) 


Table IV —Arc Length 0 185 cm 






Time, 

Are revs 

Reduced values 


No 

*n 

* 

Dot* 

100 

motor 

per sec 

- 


Means 





revs 

■u-01 


»/(» -01) 


lit 

8 02 

1 80 

18 0 

26 5 

16 8 

2 

17 0 

IB 16 

St 

2 96 

2 10 

16 0 

27 8 

18 05 

2 

18 4 


B2m 

8 61 

4 31 

27 1 

28 0 

32 4 

4 3 

32 8 

80 6 

9b 

2 90 

4 30 

23 H 

2(1 (1 

31 9 

4 3 

31 9 


8m 

2 95 

4 29 

22 6 

20 6 

29 9 

4 3 

29 9 


9t 

2 93 

1 4 27 

21 4 

25 8 

29 3 

4 8 

29 5 


lot 

2 94 

! 4 27 

22 r 1 

20 0 

30 0 

4 a 

30 2 


Bib 

2 60 

| 4 27 

17 8 1 

25 2 

29 4 

4 3 

29 0 


D6m | 

2 10 

| 4 45 

18 0 1 

21 8 

82 6 

4 3 

82 *0 


DSb 1 

2 11 

1 4 48 

16 0 1 

21 0 

84 1 

4 3 

83 7 


Ut 

2 04 

1 4 20 

12 2 , 

23 5 

26 8 

4 3 

27 3 


Bit 

1 48 

I 4 30 

6 4 1 

• 

26 3 

18 3 

4 3 

18 3 

omitted 



Mean of 8 2nd experiment* 

4 3 

— 

26 6 



» 

1 2nd experiment 

0 1 

— 

83 8 









corr 88 9 


Table V —Arc Length 0*230 cm. 


40t 

2 60 

2 00 

12 2 | 

21 0 

23 2 

2 ! 

23 2 

22 8 

It 

2 03 

1-06 

10 2 

26 0 

19-6 


10 8 


40b 

1 63 

2-00 

8 8 

22 0 

26 3 

% ! 

i 

26 3 


OBt 

4 11 

4 16 

26 8 

22 8 

20 0 

4 

28 4 

80 9 

3Bt 

2 06 

4 12 

22 6 

23 8 

33 0 

4 

82 6 


6Bt 

2 62 

4*04 

10 1 

24 0 

32 1 

4 

81-0 


UBm 

8 99 

6 10 

84-0 

28 2 

37 7 

6 

87 8 

88 1 

80m 

8 48 

6-08 

23 7 

22 6 

38 2 

6 

88 8 


3Bb 

2*99 

6 10 

29-2 

24 8 

88 0 

6 

87 6 


80t 

2 40 

6-08 

22 0 

28 8 

40 6 

6 

40 6 


8t 

2 *06 

6 88 

16 3 

26*9 

81 1 

6 

81 8 


lOt 

2-07 

6 21 

17 7 

22 £ 

40 6 

6 

89*7 


12Bm 

1 48 

6 08 

13-0 

22 6 

44*9 

6 

44 8 


20t 

0*08 

6-06 

7 1 

28 1 

34 9 

6 

84 7 


9Bb 

3 28 

9 16 

40 8 

24 2 

63 5 

9 

62 0 

61 8 

4Bm 

2-07 

8-72 

38 1 

26 1 

68 2 

9 

64 8 


lOBt 

2 61 

9 28 

80 2 

22 4 

6ft-0 

0 

54*9 


lOBm 

2*06 

0 11 

22 8 

22 9 

60 8 

0 

60 4 


XOflb 

1 49 

9-07 

16 8 

1 22-7 

60 1 

9 

49 8 


llBt 

1*04 

0*08 

7 4 6 

| 22 1 

46 8 

9 

46*7 
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Table VI —Arc Length 0 272 





— 

-»— 









Tune, 

Arc revs 

Reduced values 




i 

Dote 

100 

motor 

per soo 



Means 










revs 

-01 

% 

"/(*H“ 01 > 

• 

D8m 

2-08 

1 63 

9 0 

22 3 

22 4 

2 

23 1 

28 1 

D2t 

3 10 

4*00 

21-0 

22 9 

31 *0 

4 

81 0 

32 1 

ot 

2 50 

4*08 

17 3 

28 5 

80 7 

4 

80 4 


B8m 

2*05 

4*08 

14 4 

24 6 

80 1 

4 

80 0 


Dlt 

2 n 

8 08 

14 e 

22 6 

82 8 

4 

82*0 


D2b 

1 16 

4 22 

9 0 

28 7 

80 2 

4 

86 8 


D4t 

8 *06 

5 80 

24 2 

21 6 

38 0 

6 

88 8 

80 8 

Dflb 

2 12 

6 06 

17 4 

21 5 j 

40 J 

e 1 

89 0 


D5t 

1 12 

6 87 

8 7 

22 i) 

88 8 

6 

89 3 


B7m 

2 08 

8 71 

28 25 

24 4 

40 4 

8 

48 6 

48 6 



Means of all readings—6 

let 

1 







6 2nd 

B 8rd 

} 4 

“ 

30 *9 





8 1st 

8 2nd 

;}• 

— 

88 0 


Table VII —Arc Length, 0 360 


B8t 

2*05 

8-07 

1 13 8 

28-7 

29 8 

4 

29 0 

20 0 

B8m 

2 *04 

6 70 

;»* 

24 2 

34 0 

5*7 

84 0 

36 2 

B8b 

2*08 

8 80 

| 12 8 

24 4 

27 2 

4 

27 8 



Note —These are 1ft, 2nd and 8rd experiment*, and 2nd has been ooneeted to 1st by supposing 
&lLmg-off takes place uniformly 


Moat of the experiments were made with arc lengths of 0 230 or 0 272 cm. 
Arc lengths of 0185 and 0 360 om were also used As far as the accuracy 
of the experiments extends, the arc length appears to have no influence on 
the speed of rotation 

It was provisionally assumed that the speed of rotation was proportional 
to the magnetio field, and consequently to 01 (see determination of 
magnetic field) The numbers obtained by dividing the number of rotations 
per seoond by tg—01 were therefore plotted against the ourrent Before 
this was done the experiments were averaged in the following maimer *—As 
far as possible the current in each experiment was made a whole number of 
amperes, but to do this exactly was not possible, since there was no tima to 
make any adjustments after the arc had been started, the greater part of 
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the time it lasted^ being necessary to read the ammeter and take a photo¬ 
graph The speed of rotation was fojmd to increase with tbe{ current 
approximately linearly, and a rough value of the rate of increase was used 
to reduce each observation of nf(i —01) to the value corresponding to the 
nearest whole number of amperes Means of the readings for each current 
were than taken and plotted against the current 

The values of n/(i H — 01) obtained lor the same current in different 
experiments showed very considerable variations (10 to 20 per cent in 
extreme cases), but these variations were irregular, and there was no 
evidence to show that nf(tn—0 1) depended on the magnitude of t —01, 
as it would do wen* the speed of rotation not proportional to the strength 
of the magnetic held 

The final results reduced in the above way are collected m the following 
table corresponding to fig A — 

* WOh- o l) 


r~- 



1 = 0 185 

0 230 

0 

m 

0 

300 

2 

38 15(3) 

22 8(3) 

23 

i(i) 



4 

— 

80 9 (8) 

32 

1(6) 

29 

0 (1) 

4 3 

6 

80 0 (10) 

88 8* (1) 

88 1(8) 

30 

8(a) 

37 

a* (i) 

8 5 


— 

48 

6(1) 


0 


61 3 (6) 






Tho numbora tn brackets indicate the number of experiments used in getting the mean value 
* These numbers are obtained from experiments made with electrodes used a second time 
without cleaning 


The actual values of the field used varied from 35 to 140 C 6 S units 
The speeds of rotation observed varied from 30 to 170 revs per second 
corresponding to linear velocities of from 200 to 1100 cm per second 
The values of »/(t h— 01) in the above table have been plotted against 
tbe current m fig 3, and it will be seen that the points lie approximately on 
the straight line 

n/(t H -01) = 41t+142, 

or substituting the values 

H/r as 34 9 (tH“01), and 2 irrn — v, 
v = H(2 55+0741) 


Substituting the experimental numbers for n, H/r, and X m the equation 


Ms 


2im 

Bfn 


wa obtain the following values of the product of the two loiuo velocities 
per unit eleotno intensity for different values of the current. If k\ and k* 
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l - 13$ « 272 4 230 X 3*0 Al**£*tS 


Fia 3 


are the velocities per volt per centimetre, the numbers must lie multiplied 
by 10“ 
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Assuming that the negative ion m these experiments is a corpuscle, 
its velocity can be calculated from the expression— 

Z = c\fmu * 

Neglecting any effect its charge may ha\e, the mean free path X of a 
corpuscle in air should, owing to its small sue, be four times that oi an air 
molecule? a relation which agrees with experiment t Taking the temperature 
of the arc to be 2000° C and the mean fiee path of an air molecule at 0° C 

9973 

as we get X = 10“ 6 -^r~x 4 To find n, the mean agitation velocity of 


the corpuscle, assume that the equation of holds between the 

corpuscles and the gas particles, tins gives v = 186000 l * 

we take 1850 metres a set ond as the velocity of a hydrogen molecule at 0° C 
Substituting 111 the expression for k , we get 

t = 4xl0- 

tat ,/m - 19 x 10>. «nd £ = ? x0 m 0 i05 ' 


therefore /.j = 1 83 x 10 -4 

Combining this with the value 10~ w found for l\k% for a current of 
6 amperes, we have a value* 

k\ ss 5 5 x 1O“ 0 = 550 cm per second per volt per centimetre 

This is about one-thntieth of the velocity of the negative corpuscle, and 
since from the above deduction of this velocity it is evident that k is propor¬ 
tional to \Zh , the mass of the positive ions must be about 900 tunes that 

of a corpuscle, or about the same as that of a hydrogen atom The positive 
ions then cannot be either copper oi air molecules, but may be the same as 
the carriers of positive electucity detected by Prof J J Thomson in the 
Kanalstrahlen On this view, however, it is rather difficult to give a 
satisfactory explanation of the way in which kik a increases with the current 
for hi* is only directly proportional to the temperature, and the experiments 
show that hk a is trebled by a use in the current from 2 to 9 amperes 
Tins would indicate a rise in temperature from 1000° to 3000°, which is 
larger than is probable If the positive ions were groups of copper or ait 
molecules the rise could be explained as due to a rise in temperature 
aocompamed by dissociation of these groups 


* Langevin, These,, Pans, 1008, p 47 
t Townsend, ‘Phil Mag,' 1001, p 188 
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In this connection it may be mentioned that the negative electrode waa 
always much more oxidised and corroded than the positive, but this may 
have been due to its being the lower electrode, and thus meeting the upward 
convection air curient and robbing it of its oxygon before it reached the 
positive electrode 

Conclusions —The speed of the electric arc across a transverse magnetic 
field has been measured and found to be sensibly 

(1) independent of the arc length, 

* (2) propoitional to the magnetic field strength, and 

(3) to increase linearly with the current 

From the experiments the value l i/r a , the product of the speeds of the ions 
carrying the current, has been calculated From this value, by assuming 
the negative ion to be a corpuscle and calculating its velocity, it has been 
shown that the carriers of positive electricity have a mass of the same order 
as that of the hydrogen atom 

In conclusion, I wish to thank Prof H A Wilson for suggesting to me 
the subject of this research and for much kind advice and encouragement 
during its progress. • 
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The Isothermal Layer of the Atmosphere and Atmospheric 

Radiation 

By E. Gold, M A, Follow of St John’s College, Cambridge, and Eeader m 
# Meteorology. 

(Communicated by Dr. W N Shaw, F R S Received October 5,—Read 
December 10, 1908) 

I The Phenomenon of the Isothermal Layer and the Experimental Evidence 

of its Existence 

The investigation of the upper air by means of balloons carrying self- 
recording instruments, which have furnished values for the atmospheric 
temperature up to heights between 15 and 20 kilometres, has revealed the 
existence of an abnonnal change m the vertical temperature gradient 
After a fairly uniform fall, with increasing altitude, of about 6° C per 
kilometre, a height is reached above which the temperature changes very 
little, sometimes increasing, sometimes diminishing slowly 

The phenomenon was first noticed by M Teisserenc de Bort* in a com¬ 
munication to the Somite de Physique m June, 1899 He improved his 
apparatus and made further investigations, in many cases sending up the 
balloons by night to eliminate any possible insolation effects. He found the 
average height, at which the change began, to be about 11 kilometres He 
discovered also that the height was greater near the centre of high pressure 
areas than in low pressure areas, the average heights for the two cases being 
12 5 and 10 kilometres respectively More recently he found that the 
height increased with approach towards the equator and that near the 
equator, hallom-sondcs, ascending to 15 kilometres, had failed to reach this 
layer if it existed there He proposed to call this layer, m which little 
temperature change occurred, the “Isotheimal Layer of the Atmosphere,” 
and the name has been generally accepted f 

The mam results have been corroborated by other observers In 
September, 1906, a senes of ascents was made at Milan, in which the 
isothermal layer was reached at heights varying from 8 to 13 kilometres and 
at temperatures between —40° C and —65° C The smaller heights and 

* ‘Comptes Rend us,’ vol 134, April, 1902, vol 138, January, 1904, vol 145, July, 
1907 

t The term “isothermal layer” ss slightly misleading, inasmuch as it appears to produce 
the conception of a definite stratum of uniform temperature lying between two regions 
where the temperature decreases at a rate approximately adiabatic. The term 
“ isothermal region,” suggested by Prof H H Turner, ie free from this objection. 
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higher temperatures were found generally over low preasune areas and the 
greater heights and lower temperatures accompanied anticyclome conditions. 

Over Berlin/ in 1906, the height at which the layer was reached varied 
from 10 to 13 kilometres and the temperatures were between —50° C and 
—66° C., the average being —55° 0 These ascents were made at different 
times of the year, but m all cases during antieyelomc conditions oi*on the 
outer edge of a cyclone advancing from the west This may account for the 
Jact that the layer was not found at smaller heights m any of the absents 
In England/ during 1907, the height of the layer varied between 8 and 
15 kilometres and tho temperatures between —30° C and — GO 0 C, the 
mean height being about 11 kilometres and the mean temperature —47° C 
The height was generally less than the average over low pressure areas, 
although there wore anomalies, notably on November 11, when the height 
increased slightly and the temperature diminished rapidly in passing from 
Ditcham Park, which was on the ridge between two low pressure areas, to 
Manchester, which was under the influence of the northerly s) stem whose 
centre was between Iceland and Norway 

The layer has also been reached in Lapland,} near the Arctic circle (and 
simultaneously at Trappes, neai Paris), at heights varying from 8 to 12 kilo¬ 
metres , also by Rotch,§ in America, in latitude 39 0< N, where the average 
height appears to be greater than m Europe Further, m an ascent near 
Brussels iu July, 1907, the layer was found to extend with Blightly 
increasing temperature from 12 to 26 kilometres altitude and near 
StrassburgJI in 1905, the temperature recorded at 26 kilometres was 20° C 
higher than that at 14 kilometres 

There can be no question, therefore, of its being merely a local or temporary 
phenomenon 

It is clear that there cannot be convection currents to any marked extent 
in this region, and I propose to show that in an atmosphere which is not 
transparent but absorbs and emits radiation, the process of ladiation would 
prevent the establishment of the temperature gradient necessary for 
convective equilibrium, in the upper layers of the atmosphere, and that m 
the lower layers of our atmosphere it can be maintained only by transference 
of energy from the earth to the atmosphere by direct convection or by the 
process of evaporation of water at the earth's surface and subsequent 

• ‘Ergebmsae der Arbeiten d m KOmglich Preuanachen Aeronautischen Obeerva- 
tonume,’ 19061 

t Petavel and Harwood, * Quart Joura Boy. Met SocJanuary, 1906, Dines, 
* Nature,' February 87, 1908 

‘Met Zeit,' 1907, pp 496, 499 


§ Loe. at 


|| lbxd, 1907, p 356. 
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condensation m the atmosphere The heat neoessary for the evaporation of 
water-vapour at the earth's surface is supplied mainly by absorption of solar 
radiation and is not taken from the atmosphere, but the heat given up on 
condensation is added almost entirely to the heat of the atmosphere, and in 
this way we get a supply of heat to the atmospheie at a rate that may be 
estimated approximately from the annual rainfall 

IL General Statement of the Possible Temperature Distributions m an 
Atuvosjihrre Summary of Theoretical Rt'sidts now reached 

It is clear that if the atmosphere were transparent to radiation of all 
wave-lengths a state of convective equilibrium would exist up to a certain 
limit, after which the collision frequency would be too small to admit 
of znam-agilalion and the permanent state of tins outer layer would be one 
of conductive equilibrium But this state could only persist so long as the 
temperature ot the eaith was rising, localise there would be a continuous 
flow of heat outwards by conduction This would produce an accumulation 
of heat m the upper layers of the convective atmosphere, and the adiabatic 
temperature gradient could be maintained only by warming up the lower 
layers, since if we assume that there is no radiation from the atmosphere, 
the difference of temperature could not be renewed by cooling the upper 
layers If, however, the temperature varied over the surface of the eaith 
a persistent limited convection would be possible, piovided that the lowest 
surface temperatures were below the upper air temperatures, so that 
conduction of heat took place downwaids ovei these regions and balanced 
the upward conduction over those places whexe convective equilibrium 
prevailed 

The temperature of the earth m that case would be such that the heat 
radiated into space would balance the incident solar radiation absorbed by it 
The minimum possible value would be obtained by taking tho earth to bo 
a full radiator for its own temperature The effect of clouds would be to 
dimmish the mean temperature owing to their greatei reflecting power for 
solar radiation They would either transmit the earth’s radiation or act 
themselves as radiators for the wave-lengths absorted The reflection of 
radiation of long wave-length would be small But if we have an atmosphere 
which absorbs and radiates there will be a theoretical temperature distribu¬ 
tion in which there is equilibrium between the radiation and absorption of 
each element. We may describe such a state as one of radiation equilibrium 
If the vertical temperature gradient for this state is less than that 
corresponding to convective equilibrium, it will be impossible foi the lattei 
state to persist and the atmosphere will tend to radiation equilibrium 
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There may, however, be a limited convective equilibrium arising from causes 
which supply sufficient energy to balance the excess of the radiation in the 
•convective state An example will suffice to explain this Suppose the 
state of radiation equilibrium were isothermal, and that in this condition the 
atmospheric radiation just balanced the absorption of solar and terrestrial 
radiation Consider, now, the effect of a direct communication of heat to the 
atmosphere at a definite rate at the earth's surface The temperature of the 
lower layers of the atmosphere would be raised and a state of convective 
equilibrium would Bupervene, but only up to a height sufficiently great for 
the increased atmospheric radiation, due to increased temperature, to balance 
the energy supplied 

The assumptions which form the basis of the theory developed m the 
following sections are these — 

( l ) The constituents of the atmosphere radiate for the same wave-lengths 
for which they absorb, and according to the thermal law 

(a) The curvature of the earth’s surface may be neglected m considering 
radiation in the atmosphere 

(m) Owing to the large portion of the spectium through which the 
-constituents of the atmosphere radiate, their radiations may be taken to be 
proportional to the fourth power of the absolute temperature 

Tlus I attempt to justify by the experimental data in Section III 
(iv) The temperature m the adiabatic state may lie represented sufficiently 
-closely by the equation T* = kp, m which n is taken to be 4 instead of 3 5, 
the theoretical value for dry air. 

v) A necessary condition mpra) for convection, which forms the 
keystone of the present discussion, is that, in the upper part of the 
convective system, the radiation from any horizontal layer (or any elementary 
.sphere) should exceed the absorption by it 

(vi) Where convection is absent the outward and inward radiations across 
any horizontal plane are equal, conduction being so slow as to be negligible 
(vu) The radiating power of the earth's atmosphere diminishes with 
height owing to the diminution in the prupoitional amount of water-vapour 
present, and it may be represented with tolerable approximation by «/($— p), 
where a and q are constants and p is pressure 
The principal results obtained are as follows — 

(a) Bj the use of (i) and (u) alone, general expressions are found for the 
intensity of atmospheric, terrestrial, and solar radiation at any point in the 
atmosphere, and for the absorption and emission by any horizontal layer of 
finite thickness. The conditions for convection to be possible and for 
thermal equilibrium m the absence of convection are also found. 
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(ft) By the introduction of (in) to (vi) it is proved that, for an atmosphere 
uniform m constitution, the adiabatic a state could not extend to a height 
greater than that for which p = where p Q is the surface pressure. It is 
also proved that, if the atmosphere were isothermal, the absorption of solar 
radiation in any layer of it, beginning from p = 0, would be equal to the 
absorption of terrestrial and atmospheric radiation, and each would be equal 
to the radiation m either direction from the layer 

(c) By the use of (vu) it is proved that for the earth’s actual atmosphere 

the height to which the adiabatic state can extend is limited Values 
deduced from the experimental evidence are then substituted for a and q 
and it is found that if the atmosphere consist of two shells, the inner m the 
adiabatic, the outer in the isothermal, slate (i) the inner cannot extend to 
a height greater than that for winch p = ]p Q (10,500 metres), (2) the inner 
must extend to a height greater than that for which p = (5500 metres) 

(d) it is shown that the radiation from the lower layers of the atmosphere 
exceeds the absorption by them, and that the deficiency of energy is such 
that it could be supplied by convection from the earth s surface, and by 
condensation of watei-vapoui The deficiency foi the layer |/> 0 to is 
practically negligible, indicating that convection above ^ will be very slight 

(e) Minimum possible temperatures for any point m the atmosphere over a 
place at 300° A (absolute) are 150° A or 200° A, according as the atmosphere 
radiates throughout the spectrum or only for a part of it containing 
75 per cent of the energy of full ladiation for its temperature The values 
are deduced from what would be the radiation intensity acioss the upper 
strata of the atmosphere, supposing it were maintained m the adiabatic state 
throughout For this radiation must correspond to a tempeiafcure which is 
less than that for any other possible temperature distribution, when the 
Burface temperature is unchanged. 

Ill Experimental Data on Gaseous Radiation and Absorption 

Before proceeding to formulate the conditions of radiation equilibrium and 
to obtain expressions for the intensity of atmosphenc radiation, it will be 
convenient to describe briefly the results of experiments on the radiation and 
absorption of the constituents of the atmosphere The pioneer m this region 
of research was Tyndall,* who conducted a series of careful and elaborate 
experiments with gases contained m tubes closed by rock-salt plates. Ho 
used as his sources a Leslie’s cube at 100° C, and a copper plate heated to 
about 250° G, and measured the radiation by a thermopile He found large 

* * Contributions to Molecular Physics.* 
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absorption by water-vapour and CO*, but practically no atyorption by oxygen 
and nitrogen He found also that »ozone exercised a remarkable absorbing 
power Except for CO s the results of his observations on these gases are 
mainly qualitative m character and designed to show the greater absorbing 
power of damp air 

Arrhenius* used a tube 50 cm long and examined the absorption of CO* 
at various pressures for radiation from sources at 100° and —SO' 0 C His 
results agree fairly well with Tyndall’s, the absorption for a path length of 
50 cm at atmospheric pressure being about 10 per cent, for the 100° C 
source and 15 per cent for the —80° C source J Kochf measured the 
absorption by CO* m tubes of different lengths at three different pressures, 
380, 760, and 1520 rum 

Koch’s results pioved what had previously been pointed out by Angstrom^ 
that the absorption depends on the density of the gas as well as on the total 
mass of gas in the path of the radiation Angstrom found that a tube 
1 metre long, containing CO a at a pleasure of 4 atmospheres, absorbed 
16 2 per cent of the radiation from a source at 300° 0, while a tube 4 metres 
long, containing CO* at a pressure of 1 atmosphere, absorbed only 13 2 per 
cent oi the radiation from the same source The effect of this leinarkable 
result can also be seen m Tyndall’s observations, hut it is complicated by 
hw use of a different source m his experiments at constant pressure 

The distribution of OO a absorption hands in the spectrum has been the 
subject of researches by Angstioui,§ PasehcnJI and Rubens and Aschkmassf 
Absorption bands were discovered from 24 to 3 0^, 4 2 to 4 5 ji f and 12 5 
to 16/i The lost is the most important for radiation at terrestrial 
temperatures The absorption m a path 22 cm long for radiation from a 
zirconium mantle was 75 per cent at the maximum and 30 per cent on the 
average for the range 12 5 to 16/* For a path of 05 cm there was total 
absorption from 14 to 15 5 fi t the absoibing gas being at atmospheric pressure 
and temperature 

The absorption by 33 c in of gas at atmospheric pressure and temperature 
foi the band 4 2 to 4 5 was 90 per cent, and for the band 2 4 to 3 0 /a and the 
samo layer it was 40 pci cent, the source being hot blackened platinum 

Schlaefer** has investigated the effect on the absorption bands of \arjmg 
the pressme He found that the bands were widened by increasing the 

* ‘Ann dt«r FhyHik,’tol 4, 1901, p 690 
t 'Ofteraigt af K Yet Akod Forhandhng&r 1%1, p 478 
t 'Ofwrsugt, 1 1001, p 378 § /W, 1890 

|| ‘ Aim dor Phvsik, 1 1894, voIb 52, 53 
% 1 Astrophysical Journal,’ 1898 
** 'Ann der Fhyflik,’ vol 16, 1906 
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pressure, while ajj increase m the length of path sufhcient to make the mass 
of goB in the path of the radiation tjjie same as when the pressure was 
increased did not produce this widening He concludes that a variation m 
the amount of CO» in the atmosphere would not materially affect its 
absorbing power for solar radiation, since the amount present, equivalent for 
vertical*transmission to a path of 250 cm at a pressure of 760 mm, is 
much more than sufficient to exert full absorption for the width of band 
corresponding to the density of CO* in the atmosphere 
The principal feature of water-vapour absorption is the large number of 
spectral regions m which it occurs The bands up to 5 in the solar 
spectrum have been carefully observed by Abney, Langley,* and others 
Paschen observed the bands up to 10 /a, usiug as source a blackened iron 
plate at 400° C Rubens and Aschkinass measured the absorption between 
10 /a and 20 /a, and at 24 /a, using as source a zirconium mantle 
The following table gives the percentage absorption tor different wave¬ 
lengths by a 7 cm layer of water-vapour at 100° C and atmospheric pressure, 
deduced from Paschen's observations t 

X 81 80 78 76 74 72 70 68 66 65 

A 6 6 10 10 20 35 43 49 75 82 per cent 

X 64 62*60 59 58 56 54 52 50 

A. - 78 31 61 69 66 54 31 12 0 

If the absorption by the water-vapour w the atmosphere were given bj 
100 (1—where m is the mass of water-vapour m the path of the 
radiation and k is a constant, different for different wave-lengths, deduced 
from these results, we find that for an atmosphere of average humidity 
containing water-vapour equivalent to a layer of liquid water 2 cm thick, 
there would be total absorption for wave-lengths 5 ft, to 8 /*. 

From the observations of Bubens and Aschkinass we deduce the following 
values for the absorption by 75 cm of water-vapour at 100° C and 
atmospherio pressure 


X 

A per cent 

X. 

A percent 

8—12 

5 

15—16 

50 

12—13 

15 

16—17 

75 

13—14 

20 

17—19 

85 

14—15 

40 

19—20 

98 


On the same hypothesis as above, this would imply total absorption by the 
water-vapour in the atmosphere for radiations from 12 to 20 /t. 

* * Annals of the Astrophysical Observatory of the Smithsonian Institution,’ vol 1,1000, 
t 1 Ann. tier Fhyeik,’ 1894, voL SB, p BIB 

VOL. LXXXII,—A S 
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Of the remaining constituents of the atmosphere, ozone is the only one 
which shows considerable absorption. Tyndall* found ozone exercised a 
remarkable absorption for his low temperature radiation. E. Meyerf observed 
the absorption by ozone of short wave-length radiation Taking the ozone m 
the atmosphere to be 13 milligrammes per kilogramme of air, the following 
table gives approximately the percentage absorption for vertical trarysmiseion 
for different wave-lengths, according to Meyer's results.— 


A 

A per cent 

X. 

A. per cent 

200 

10 

260 

84 

210 

16 

270 

81 

220 

24 

280 

64 

230 

50 

290 

43 

240 

78 

300 

87 

250 

83 




Angstromj found no ozone absorption bands between wave-lengths 0 6 /a 
and 46 /* He found bands at 

48/i . Sharp, 6 7 n . Uncertain, 

5 8/* . Weaker, 9 to 10 /* ., Very strong, 

and no further bands up to 14 /* n 

The band 9 to 10 /* corresponds to an absorption band found by Langley 
in his work on the temperature of the moon, and as there are no COj bands 
there, and the water-vapour absorption is weakest in that part of the spectrum, 
the existence of this band is incidentally strong evidence of the presence of 
a considerable quantity of ozone m the atmosphere The origin of this is 
possibly indicated by an observation of Fr Fischer,§ who found that ozone 
was formed by the action of ultraviolet light as well as by eleotnc discharge 
Ladenberg and Lehmann(| verified Angstrom's results for ozone absorption 
at 4 8 ft and 9 to 10 /i, and obtained additional maxima of absorption at 
7 6/*, 113 /*, but these were weak compared with the 9 to 10 /* band 
Eva von BalirH measured the absorption of low temperature radiation by 
ozone. The percentage of the total radiation absorbed approached an 
asymptotio value as the ozone in the path was mci eased. Thu asymptotic 
value agreed with the assumption that the absorption took place in two bands, 
4 8 to 4 9 /* and 9 2 to 10*2 /* 

* Tyndall,‘Contribution*,’p 10S. 

+ ‘ Anu d« Physik,’ vol 12,1203, p. 366. 

1 ‘ Arkiv for Matematik Aat oeh Fyaik,’ vol 1,1903—4, pp. 347,89ft 

§ ‘ Ann der Pbysik,’ 1903 

|| lbid t 1906, vol 91, p 313. 

? * Arkiv ffti Matematik Aat och Fysik,’ vol 8,1907, No 1ft. 
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Langley* measured the absorption by 100 metres of air, relative humidity 
60 per cent., dew point 18° C., giving water-vaponr in the path equivalent to 
015 cm of liquid water He found 21 per cent of the radiation from a 
100° C. source was absorbed With air of different degrees of dampness he 
found the following results, where t is the equivalent amount of liquid water 
in the path •— 

. t A 

l'GG mm 24 3 per cent 

0 96 „ ... 14 6 

205 „ . 329 

The observations of the absorbing power of the different gaBes are not 
entirely m accordance with one another, and it appears that the absorption 
l>y water-vapour, hb well as that by CO 3 , depends on the density as well as 
on the total absorbing mass 

If we use the results obtained, we find that for C0 3 , at a pressure less than 
760 mm, the maximum possible absorption for radiation from a 15° C source 
in the bands discovered is about 18 per cent of the oomplete energy in the 
spectrum of a perfect emitter, as given by Planck’s formula, 

J = C\-<7(yM T -l), 

where C = 8346, e = 14,350, X being measured in terms of n (10“* mm ) 

This agrees nearly with the value obtained by Ekholm for the absorption 
by COj in the atmosphere, by using Koch’s results for the absorption of the 
total radiation f 

If we apply the results of Paschen and Rubens and Aschkinass, we find 
that the w ater-vapour in the atmosphere would absorb 95 per cent of 
the earth’s radiation for vertical transmission, but if we assume that the 
apparent absorption between 8 and 12 5 /* is spurious, we find that 25 per 
oenb is transmitted If we use Langley’s observations and assume that the 
absorption takes place throughout tho spectrum, we find 94 per cent of earth 
radiation absorbed m vertical transmission Assuming no absorption between 
8 to 12 5 ft, we find 73 per oenb of the total radiation absorbed 

To obtain an estimate of the possible absorption of solar radiation, it i» 
necessary to know the distribution of energy m the solar spectrum. I have 
for th» purpose assumed that the effective temperature of solar ladiation vanes 
with the wave-length and is given by the equation T m 6600—1000«“\ where 
X is measured in terms of m With this value of T and Planok’s formula we 
find a value 2 7 for the solar constant (the value according to the best recent 

* ‘ Memoirs Nat Acadvol. 4 , Ninth Memoir, p. 184, 

+ See 'Met. Zeifc,’ 1808, p 488. , 
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determinations is 2 2),* and a maximum intensity at wave-length 052 p 
agreeing with Langley’s estimate 

The following table gives the values of the intensity of radiation at 
different wave-lengths calculated on this assumption — 


X 

J 

X 

J 

X 

# J 

0 10 M 

0*01 

1 0/t 

027 

2 8p 

40 8 

0 16 

0 3 

1 1 

780 

2 0 

36*0 

0 20 

104 

1 2 

691 

8*0 

81 9 

0 26 

446 

1 3 

476 

3 2 

25 4 

0 80 

979 

1 4 

386 

3 4 

20 4 

0 86 

1640 

1 6 

316 

8-6 

16 6 

0 40 

1027 

1 *6 


3 8 

18 6 

0 46 

2161 

1 7 

216 

4*0 

11 2 

0 60 

2239 

1 8 

180 

6 0 

4 6 

0 66 

2207 

1-9 

162 

6 0 

2 fi 

0 60 

2103 

2 0 

128 

7 0 

1 4 

0 66 

1966 

2 1 

100 

8 0 

0 82 

0 70 

1789 

2 2 

08 6 

0 0 

0 62 

0 75 

1621 

2 3 

SO 4 


0 34 

0 80 

1468 

2 4 

69 0 

11 *0 

0 24 

0 86 

1306 

2 5 

60 6 

12*0 

0 17 

0*90 

1166 

2 6 

62 6 

16 0 

0 07 

0 95 

1040 

2 7 

46 8 

20 0 

0 02 


With these values of J we find the following values for the percentage 
amount of solar radiation absorbed in vertical transmission, the water-vapour 
m the path being equivalent to 2 cm of liquid water — 


Absorbing gas 

Amount of absorption 

Possible absorption 


per cent 

per cent 

CO, 

1 6 

l 6 

H,0 

9*6 

11 

Ozone 

1 2 

2 2 


Thus the absorption of solar radiation would be about 12 per cent for 
zenith sun, and about 15 per cent, for low sun, when the absorption in the 
bands would be full The largest observed percentage absorption of solar 
radiation by water-vapour, given in the ‘ Annals,’ etc ,t is 11*3 per cent., 
the transmission being through 34 atmospheres and the surface vapour 
pressure being 0 68 mm 

The radiation from gases has formed the subject of researches by Maurer,} 

* 1 Annals of the Astrophysical Observatory of the Smithsonian Institution,’ vol 2,10OB 
t Vol. 2, 1808, p 131 
} See * Met Zeit,' 1901, p 228 
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Hutchins and Peaisou,* Paschen,t and Very t From meteorological 
observations, Maurer deduced that an* air layer 1 cm thick radiated to 
another at 1° C lower temperature 4 x 10~ 6 gm cal per hour from each cm* 
of surface This agrees with the value 5 x 1G~ 5 deducible from Langley's 
observations on absorption for air of 60 per cent relative humidity and 
18° C dew-point, on the assumption that absorption and emission follow the 
Bame law and that the intensity of radiation varies as the fourth power of 
the absolute temperature From the experiments of Hutchins and Pearson 
on the radiation from a hot air column, the corresponding radiation would be 
95 x 10~ B gm cal 

Pasohen's results are chiefly of importance as identifying the spectral 
regions of emission with those of absorption for the same gases 

Very found from his experiments a value 22 x 10~ 6 gm cal per hour, 
a value intermediate between that of Maurer, and Hutchins and Pearson 
The experiments on which Very relies foi his results were made by enclosing 
the air in a tube with a moveable radiating disc and a rock salt face The 
tube was heated from below by Bunsen burners and the radiation was 
observed first with the disc near to the rock salt and secondly with the disc 
drawn back so that a layer of air intervened in the path of the radiation 
It is assumed that the Radiation from this air is measured by the difference, 
coirected for absorption, between the total radiation m the two positions, no 
radiation from the walls of the tube reaching the bolometer Now if the 
gas and the disc have the same temperature and the diso radiates fully (the 
disc used was blackened copper), it appears certain that the gas will absorb 
just as much disc radiation as it itself radiates Any additional radiation, 
therefore, in the second position, must have been due to a change in the 
temperature of the radiating solid parts or to an excess m the temperature 
of the gas over that of the disc, and of this no account is taken. 

We shall therefore assume that the absorption results are the more correct 
and utilize them in the application to the atmosphere 

IV General Expressions for the Radiation from the Atmosphere , and 
Conditions of its Equilibrium 

Let us consider the radiation and absorption in a gas stratified m 
horizontal layers m which the pressure at any point is due to the weight of 
the gas above it Since the radiations are thermal, the emission will follow 
the same law as the absorption. Thus if an element of gas of mass dm 

* 1 Amer Journ of Set,* 1904, 277 

+ Paflchen, * Ann der Phyak,’ 1894. 

X Very, • Atmospheric BadiaUon * 
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occupying on element of volume of unit sectional area t and thickness dz 
omits radiation of wave-length X equal to I^dmdK, where I A is the intensity 
of radiation of wave-length X for a full radiator at the temperature of the 
,ga9 f then the same element will absorb ladiation I bdmdk if radiation IdX of 
wave-length X is incident normally on unit area For the absorption by 
a length % of the gas we find at onco } on putting dm =b pdz, the expression 

IdX (1 — f w '), where Wi = f bpdz , 

Jo 

and a corresponding value for the emission. 

Divide up the gas into horizontal layerB across which the pressure change 
is dp so that the mass of gas m each layei is proportional to dp The 
intensity of radiation from a layer at pressure p emitted in a direction 
inclined at an angle 0 to the normal will be, per unit area, 


I A { 1 — *} cos 0 


The intensity of this at a point at pressure p\ and distant h from the lajei 
will be 

I K (1 —e-wjuec*) dx coa q e -K(p.j>,)^asee 3 0, 

where % {p,pi) = 1 x bdp sec 0 

ip • 

This will also be the amount entering a spherical element of radius at 
the point, and we get, for the whole amount of radiation from the layer 
entering such an element per unit tune, 


J 2n^d\tm0^e~' , ' w ' , ' , dyd0 ${p,pi)dpdff, My 


Therefore from the whole mass of gas situated above the lajer p we get 
radiation of wave-length X entering the element per unit time, 

A*rfx « \‘d P \y ( p, Pl) de 

Similarly, from the gas below the element we get, 


B*<f\ = — f dp\<f>(pi,p)dff 
J Pl Jo 

For the radiation crossing unit area of a horizontal plane at pi downwards 
and upwards we find respectively, 

Pj,dkm j^'dp j%0». Pi) oos 0d$, Q*rfX rn -J* <t>(pi.p) 008 0d0 • 
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For the radiation from the earth entering the sphenoal ele m ent and 
crossing unit area of a horizontal plane, upwards, we get 

F x dX = 2ir j 1 *ExdXsin 0d0. 

fl* 

G A tf\ = 2ir E K d\ sin 6 oo$ 6 d$ e~“ 

h 

The corresponding values arising from the average direct intensity of solar 
radiation are 

U x dX = - fs dd, \\ = - fa cos 0 d0, 

7 r J*-a 

where 

S as S A d\sin 6 (1—sin a </> —sin a S—008*0+2 sm</> sin S cos0)~*, 

and is latitude and 8 declination 

Now the absorption, by a spherical element, of a stream of radiation 
J is JftfscfS, where z is the length of path in the sphere, % e , it is 3b x volume 
of sphere But the radiation from the element is 47rI6 x vol 
The condition of radiation equilibrium is therefore 

J(U x +A x +B x +F x )WX = 4wJr x WX, (I) 

where b may vary with X, expressing that the radiation absorbed in the 
sphenoal element must be equal to that emitted, it is included in the 
condition 

f(P x + V x ) dX = f (Q x +G x ) dX, (II) 

exprossmg that the outward and inward radiations across any horizontal 
plane must be equal to each other. If we take account of the scattenng and 
reflexion of direct solar radiation, we must subtract from V x the average 
vertical component of this and add to U x its average intensity. 

If, instead of using the sphenoal element, we wish to deal only with 
horizontal layers, we must find the absorption of radiation in such a layer 
Let us then oonsider the absorption of the radiation from a layer extending 
from ft to pi by a layers to p' The radiation entenng the second layer in 
a direction inolined at an angle 0 to the vertical is per unit area 

?A0 dX rn 2ir f\dX am 9 cos 0d0~ r"*>>Mp, 

and the total amount absorbed will be 

X*dX a 

Jo 
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Putting sec 0 = x t am 6 dd » efo/sc 2 , we find 

X,d\ = 2WX pj'lxf jpC-'MdpQ.-c-"^), 
or 

D x JW'r 

I K -=p e-»<*'X>dp 

= 2wj“ j" l K b -^e-^mp~2ir I x ^e-^rfp + 2w£^ I A 
Therefore X* = /(pi,p») +f(p',p\)-f(p', p»\ 

rt» fftf‘ Jrfa, 

where f (pi,pa) = j = 2irj j 

Similarly, for the absorption of radiation from a layer p* to p' below the 
absorbing layer, we find 

Yx = 9(pa,p')+g(p',pi)~!/(j>a,pi), 

0 ® bdx 

I A -r^^ M ^ p) dp 

i x 

If we put pa a= 0, ^ we obtain the expressions for the total atmospheric 
radiation absorbed m any layer. We will use X # , Y x with this special 
meaning 

Hie earth radiation absorbed in the layer is 

{ * dx 

-5 ( e ~* r») # 

and the solar radiation absorbed is 

S'x^A. m ^ f*(S—S') cos 6 dd, 

where S' is S (vide supra) with p' substituted for pi 
The radiation from the layer is, por unit area, 

{Ap'.Pi)+9 (p'-Pi)} fa *= KjA, say 
Thus we may replace the first condition by 

f(X +Yx+E'x+S'x)^=fKxrfX, (HI) 

where the integration extends to all wave-lengths. We shall need both forms 
of the condition infra. 

The writer has verified analytically that I can be deduced from III and 
that II follows from III if we introduce the condition that the downward 
and upward radiations balance at the earth’s surfiace. 
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If convection takes place m the gas it must always involve a flow of heat 
upwards from the lower layers Further, any upper layer receives at least 
as much heat as it loses by convection, and generally more Consequently, 
the effect of convection would be to add a positive term to the right-hand 
side of II and to the left-hand side of III, % c , convection is only possible if 

[(F A +Y A )dx.>f(Q*+G A )tfx 
everywhere m the actual state, and at the same time 

| (X A +Y A + E\+ S' A ) d\ < | K A rfX 

tor the upper layers 

V Application to an Almospha c of Uniform Constitution Impossibility of 
Convective Equilibrium throughout truck an Atmosphere 

If we have an isothermal atmosphere, we find the following expressions 


for A K , etc, on putting sec 8 = oc — 


A a = 27rl A | l—| , 

B a = 27tIa^ 1—| &~ 3 fi u(l,itpa hLcj ^ 

P A =8 2irI A (^ — £ 

Qx = 27tI a (i j* , 

% F a = 2ttE a | * r~ a c~ u , 



X A 85 2irI A j x-*dx{ 


Y a s= 2irI A j x -3 dc (1 — * lp ’’ ^—c - “ +c" “ <p| ' Po) ), 

K a s 2 ttI a j"x~ a dx (2 — 2e~* <**» *>) 

It ib to be noted that F and G are independent of the temperature- 
distribution m the gas 
Substituting in equation III, we find 
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or if E A as I* . 

| S\d\+ 1 2wI A tf\ J — e~ u (*' p ')}x~*dz = 0 

If we put pi as 0, p' as p®, we Bee that the solar radiation absorbed in the 
atmosphere must be equal to the terrestrial radiation absorbed and each 
must be equal to one-half the radiation from the atmosphere 

Further, the solar radiation absorbed m any layer of the atmosphere, 
starting from pi — 0, must be equal to one-half the radiation from that layer 
Again, if we substitute in equation II, we hnd 


| V A dX sb 12wI A rf\ J x~*c~ u(a ’ p i ><&., 


and if pi is small this becomes 


| Vd\ — | wI A d\ ts irl. 


or the temperature for the isothermal state must be such that a full radiator 
at that temperature would radiate with an intensity equal to the average 
vertical component of the intensity of solar radiation. 

For a dry atmosphere in convective equilibrium we have, if 6 be tempera¬ 
ture, 0o ep* nearly, where n=s 1/35, and consequently 



We cannot integrate our results for this value of I x , but remembering 
that near the maximum I A oc 0 6 and that Jl A d\oc 0*, we may put as an 
approximation Hoc p, corresponding to a temperature diminution rather slower 
than that for dry air in the convective state Let us also take b to be 
constant, t.e., assume that there is no change in the constitution of the 
atmosphere with change of height. 

We find, then, for the values of A v etc, dropping subsonpts, 

B - ~ J x~*dx jp!-poc-*<*->.)«+1(1 _<•- , 

Q sb M jV»<& (1 -«-»<*’*>*) , 

where I refers to the temperature at p* 
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Taking E = I and substituting in equations I and II, we find 
j UJrfX+27r = 0 

and j" Vdk = |j x~*dx[2—e~ bp i*—e~ t i p »~ Pi ' la ) 


(i) 

(u) 


But if pi <\p 0i the left-hand side of ( 1 ) w always positive! and, 
consequently! for all altitudes at which the pressure is less than half the 
surface pressure, the absorption exceeds the radiation and the state of 
convective equilibrium could not fiersist Moreover, the right-hand Bide 
of (a) lias the same value at both limits of the atmosphere, and therefore 
theie could be no absorption of solar radiation in an atmosphere of unifouu 
constitution m convective equilibrium 
The values of X, Y t K in this case arc as follows — 


0_T f* (- -I 

, 4. e -Hp«-rt)* .)_ j3 0 (e~®< po-pi)*— e-* p*-p>) | 


K m | x~ z dxr(j>\ +p’) 


Therefore, putting E = I, we get for (X+Y+E—K) the value 
| bx~ l dx{e~ b P' x —c~ bt '' x + r~^ p >~ p i> x —e~^ p «~ p ^ T } 

2wi r 

or ~J bx-*dx{e-*n + p0*_ fi -6jv} {«*»>'*— 

Now this represents the excess of the absorption over the radiation for 
any layer, apart from absorption of solar radiation. Bat by hypothesis 
p' >j»i, and therefore any layer for which pi+p' <ja 0 absorbs more radiation 
than it emits. 

Clearly, if the radiation decreases with height at a rate faster than that 
assumed, the deorease in the radiation received by any layer will be less than 
the decrease in that emitted by the layer, so that in the upper half of the 
atmosphere the absorption would exceed the radiation, and the temperature 
would rise. Moreover, if the temperature of the upper layers rises, the 
absorption of radiation near p\ * $po will also rise, and therefore the rise in 
temperature must extend at least as far as pi m fa, it the lower layers are 
to be in oonveotive equilibrium Therefore, in an atmosphere of uniform 
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constitution, the rate of temperatuie diminution corresponding to convective 
equilibrium cannot be maintained to a height greater than that foi which the 
pressure is half the surface pressure 


VI Application to the Em tits Atmosphere, taking into account the Dimvnution 
of Water-vapour unth Height Limits to which Convective Equilibrium 
can subsist 


We proceed to take into account the fact that m the atmosphere itself 
there is a rapid diminution in the pioportion of water-vapour present as the 
height increases There is therefore a decrease in the value of b with 
increasing height We may represent this approximately by taking b equal to 
t*l(g—p)> where a and q are constants We get, then, 



and similar expressions for P At Q A , while 


If I A is constant, 

a * = /*)} * = 27ri 0, shjest) • 

with similar expressions for P and Q 


Writing k\ = log, — 2 — i h = log,?— l!i , and taking I, ac u, wo get 

q—p\ o—Da v a -i o 


q-po 




and similar expressions for P A , Q*, while 

F a = 2ttE*«-***, G a = 2wE a f*^e-**“ 

Substituting in equation (I), we get, after reduction, 

Now near/h ts 0, 

h m 0, and = o, 

so that the term mvolviog I* becomes positive, indicating that, even apart 
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from absorption solar radiation, there is an excess of absorption over 
radiation The upper layers would therefore be warmed up, so that with the 
modified value of 6 also the state I oc p cannot exist throughout the atmo¬ 
sphere 

To find X A , Y k we notice that 


ad 

=gr-£5a«-^r]} 

Substituting these values, we find 


X a + Y a +FA-K x 



If we put pi = 0, this gives the excess of absorption over radiation in the 
atmospheric layer from the outer lumt to a place at pressure p' On 
simplify ing, we find that the sign ot tho integrand is always positive Thus, 
under the condition I A « p, any such layer of tho atmosphere would absorb more 
radiation than it emitted, even apart from solar radiation It is therefore 
certain that if m the lower part of tho atmosphere I A ee p, m the upper pait 
the temperature must he considerably greater than would correspond to such 
a radiation law 

If we put p'—po, wo get for the excess of absorption over radiation in the 
layer extending from the earth to a poiut at pressure pi, 



and this must be negative if the state I « p is to hold up to pi aw x f lt , 8 
negative, its value must not be greater than the absorbed*solar radiation plus 
the energy oonvected fiom the earth's surface g 
The values of q and * will vary for different wave-lengths, but to obtain 
an approximate result we may take mean values for these quan tities We 
therefore put q m |p 0 , which gives a diminution in the absorption more rapid 
than the observed diminution in the proportion of water-vapour present 
We will oonsider also the case q «for which the rate of decrease w 
slower than that of water-vapour. 



62 


Mr. E. Gold. The Isothermal Layer of the [Oct. 5, 

The intensity of the transmitted radiation for a vertical »path bears to the 
initial intensity the ratio {(?—or for the values of q taken above, (£)* 
and (^^respectively 

Langley* estimates the transmitted radiation to be 0 806 and 0 75 to 0 96, 
but states that his estimate is probably too high 
Lowellf takes the absorption of terrestrial radiation to be 0 5, and is 
followed by Poynting J 

(l) Let us assume that 25 per cent of the radiation is transmitted freely 
without absorption, and tliat two-thirds of the remainder is absorbed in 
vertical transmission This gives a = 0 5 and 0 68 for the values of q taken 
(n) Let us take the absorption to extend throughout the spectrum and to 
be such that at the surface 100 metres of air of average humidity absorbs 
20 per cent of the low temperature radiation passing through it, m accordance 
with Langley's observations This gives a *■ 2 and 4 for the two values of q 
For the purpose of calculation we use the following table, giving the values of 

j x^tT^djo = H» for n = 1, 2, 3 

and different values of t The values for n = 1 are given by J W L. 
Glaisher§ — 


t 

H , 

H . 

H , 

: * 

H , 

H , 

H , 

0*01 

4*08703 

0 04867 

0 40027 

0 00 

0 26018 

0 17211 

0 12570 

0 *02 

8 86471 

0 *01811 

0 48007 

0 05 

0 23874 

0 16804 

0 11740 

O *08 

8 *05013 

0 88168 

0 47200 

1*0 

0 21988 

0*14860 

0 10069 

0*04 

2-08130 

0 85854 

0 46832 

1 1 

0 18509 

0 12828 

0*09589 

0*06 

2 46700 

0 82784 

0 45402 

1 2 

0 15841 

o imo 

0 08304 

0*06 

2 20561 

0 80404 

0 44676 

1 3 

0 18545 

0 09644 

0 07868 

0 07 

2 16084 

0 78184 

0 48888 

1 4 

0 11622 

0*08380 

0*06458 

0*06 

2-02684 

0 76006 

0 48112 

1 6 

0 10002 

0 07810 

0*05674 , 

0*00 

11 U 874 

0 74126 

0 42861 

1 6 

0*08681 

0-06880 

0 04901 

0 10 

1 82202 

0 72266 

0 41620 

1 7 

0-07465 

0-06678 

0-04803 | 

0 15 

1 40446 

0 64104 

0 88227 

1 8 

0-06471 

0*04862 

0-08871 

0 30 

1 23266 

0 67420 

0 86106 

1*9 

0*05620 

0*04279 

0*03418 

0 85 

1 04428 

0 61778 

0 82408 

2*0 

0 04800 i 

0 08754 

0*08018 

0 80 

0-00668 

0 46012 

0 80004 

2 2 

0*08719 I 

0 02808 

0*02352 

0 35 

0 70422 

0 42671 

0 27767 

2 4 

0*02844 1 

0 02246 

0*01841 

0 40 

0-70288 

0 88887 

0 20728 

2 5 

0 02401 ; 

0*01082 

0*01027 

0 45 

0 62638 

0 85628 

0 28866 

2 6 

0*02185 1 

0 <01740 

0*01444 

0 50 

0 66077 

<0 82666 

0 22160 

2*8 

0*01680 i 

0*01800 

0*01130 

0 55 

0 60336 

0 80010 

0 20006 

8 0 

0*01806 

0*01064 

0*00694 

0 60 

0 46488 

0 2761 $ 

0 10156 

8*6 

0*00607 1 

0*00580 

0*00495 

0 65 

0 41162 

0 26466 

0 17820 

4*0 

0*00878 

0*00320 

0 00270 

0 70 

0 87877 

0 23406 

0 10606 

4 5 

0*00207 

0*00179 

0 00158 

0 76 

0 84034 

0 21711 1 

0 16*77 

5*0 

0*00115 

0*00090 

0 *00000 

0 60 

0 81060 

0 20086 | 

0 14482 

6 0 

0*00086 

0*00032 

0*00008 

0*85 

0 28402 

0 18600 1 

0 18466 




1 

1 


* “Temperature of tbe Moon,” 4 Memoir* Nat Acad Washington/ vol. 4, pp. 38,184. 
+ 1 Plnl Mag./ July, 1007 X Ibvd , November, 1907. 

§ *Plnl Trane / vol 160,1870 
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We observe also that 
* 

l - 1 _« + * a _•£ w here c = - 

^(or+l) a? sA x x+e' ""*« 


0-^)— (I+C) 


We have, too, 
and if a > 1, 


1 _ _l__a _« a 

a?(ox— 1) i® ? i 




But if * < 1, we have 


x+c, 


. «■ 


X — c 

» 

.JJ 

\dx 

x~c} 

i 


_i 


= Lt r.lo g ^ + log-l-log(c-l)-p-^^-r 

,»oL 6 c + e b tf-e Ji *-c J, +< x-c 

+J aj -1 e~*»<*-«)rfxJ 

as -log (c— 1)—Zt^log e-log (e-l)-fca(f-e-l)-|^y ! {(c-l)»—«*} 
— +J aj _1 c _fau <£c+j" 

= —log(t—l)+log(c—l)+C+log 1)+ .+| « -I e“*<* _e ><ic, 

since (logS+ j t~ l e~ f dij = —C, where C is Euler's oonatant * 

Thus putting again a -1 for c, we find for the value of the integral 
C+log^«+*(l-«)+^ 

We denote by P, Q, etc, the values of JPXdX, etc, and we calculate values 
for I constant and for I * p The values are given m order corresponding to 
the four values of «, to, 05, 20, 068, 40, the first pair corresponds to 
q = |jpo, and the second pair to q = $po 
At p as 0, kx = 0, k» sa log,9 or log,5 = 2 2 or 1*61. 

For constant 1, 

P ss 0, Q =* 0 61irl, wl, 0 Glirl, wl. 

For loop, P = 0, A = 0 

Q as 0 32 ttI, 0 20wl, 0 27 ttI. 018wl, 

B * 0-55irI, 0 42irl, 0 51*1, 0 26wl 

* Bromwich, 'Infinite Sense,’ p. 460 
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We notioe here a somewhat surprising result Sinee Jihe value of b m 
«ase (4)— le, 4 /($po—p) —is always greater than the value for the corre¬ 
sponding pressure in oase (2)—i e , 2/(fpo —p ),—the radiation from any 
element of an atmosphere corresponding to case (4) is greater than the 
radiation for the corresponding element m case (2) Yet the outward 
radiation from the whole atmosphere m case (4) is considerably less than in 
■case (2) 

The values of F and G for the four cases are given by 

F = 0 26irE, 0 OOirE, 0 267rE, 0 OOirE, 

Gr = 0 39irE, 0 OOirE , 0 39irE, 0 OOirE 

Now tho values of (F+A+B) atp = 0 when I cep are less than for any 
other part of the atmosphere for any possible temperature distribution with 
the same surface temperature. But the radiation fioni any element must he 
greater than the amount of (F+A+B) absoibed Thus if E = land we 
remember that m cases (1), (3) only 75 per cent of the radiation suffers 
absorption, we find as lower limits for I', 

0-191, 0111, 0*171, 0 071 

where I' is the radiation intensity of a full radiator at the temperature of the 
element 

If I correspond to a temperature 300° A, the lower limit® for the tempeia- 
ture at any point in the atmosphere are therefore 

198°, 173°, 193°, 154° A 

At the earth’s surface, p = p a , A* s= 2 2 or 161 and A* = 0 

For constant I, 

P a= 0 61irl, irl, 0 61irl, irl, and Q = 0 

For I ac p, 

P as 0 49irl, 0‘93irl, 0 47irl, 0 95irl, and Q = 0 

At p a* 4#i, A*i = 0 6 or 0 5, as 1 61 or 11 

For constant I, 

P = 0 3Owl, 0 83wl, 0 33wl, 0 94wl, 

Q a= 0 64wl, 0 98wl, 0 52irl, 1 OOirl 

For loop, 

P = 0 lOirl, 0 30irl, 0 lSirl, 0 34vl, 

Q «= 0 40irl, 0 63irl, 0 38irl, 0 60?rl 

Also if Pi denote the radiation to earth from the layer extending up to 
Jpo and Qi, the radiation to space of the upper half of the atmosphere, we find 
for 1 oc p, 

Pi s 0 47vl, 0 93irl; 0 45wl, 0 95wl, 

Qi * 0 08wl, 0 lfiwl, 0 08wl, 0‘15wl 
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By applying thj results of § IV for *, Y*, we find for the atmospheric 

radiation absorbed m this upper layer, 

Xi = 016*1, 0 53*1, 0 19*1, 0 57*1 

The terrestrial radiation absorbed m the layer is 

Ei = 0 07 ttE, 0 02*E, 0 09*E, 0 00*E 

Hence if E = I, the total absorption, apart from that of Bolar radiation, is 
0 23*1, 0 55*1 , 0 28*1, 0 57*1. 

The radiation from the layer m case I oc p is 

0 10*1, 0 30*1, 0 16*1, 0 34ttI downwards, 

0 08*1, 0 16*1 , 0 08*1, 0 15*1 upwards, 
or 018*1, 0 46*1 , 0 23*1, 0 49*1 m all 

As we expect, the total radiation is less than the total absorption If the 
layer above ip# were isothermal the amount of absorption by it would be the 
same, but the radiation would be in each direction, 

0 30*Ii, 0 83 ttIi , 0 33*Ii, 0 94*Ii, 

where Ii is the intensity of radiation corresponding to the temperature of the 
layer, i e is £1, since I oc p in the lower layer 

The radiation would therefore exceed the absorption by 

0 07*1, 0 28*1, 0 05*1, 0 37*1 

These amounts are too large to be supplied by the absorption of solar 
radiation in the upper half of the atmosphere, and we conclude that we 
eould not have the isothermal state for so large a part of the upper 
atmosphere If such a state existed at auy time the temperature of the 
layer would fall, and this would allow the convection currents of the lower 
atmosphere to penetrate to greater heights and establish the state I cep in 
the lower part of the layer 

We proceed to consider the case when the division is taken to be at 
P = ip# For p m ipo, 

*i = 0 251 or 0 222, l» m 195 or 139 

For constant I, 

I’ s= 015irl, 0 56*1, 018wl, 0 75wl, 

Q = 0 58wl, 0 99irl, 0 57irl, 1 OOirl. 

For loop, 

P = 0-016*1, 0 08irl, 0 02*1, 0 09*1, 

Q sb 0 87 *1, 0 46*1, 0’34*I, 0 39*1 
you ixxxu —a 


r 
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If P* denote the radiation to earth of the layer Jpo to jit and Qs the 
radiation to apace of the layer ipo to 0, we find 

P, = 0 48irl, 0 93wl, 0 47irl, 0 96wl, 

Qa = 0 02 ttI, 0 0&irl, 0 02irl, 0 llwl 

We find as above for the atmospheric and terrestrial radiation absorbed in 
the upper layer, 

X, = 0 07ttI, 0 26ttI , 0 09irl, 0 32wl, 

EjsO 03irE, 0 OlirE, 0 04irE, 0 OOwE, 

giving for the total absorption, apart from that of solar radiation if E = I, 

0 IOttI, 0 27irl, 0 13 ttI, 0 32irl 

The radiation from the layer if the law I oc p still held would be 
0 035 ttI, 014irl, 0 04irl, 0 20 ttI, 
whioh is much less than the absorption 
If this layer were isothermal, the radiation fiom it in each direction 
would be 

016irl e , 0 56vl c , 018irl fl , 0 75irl a 

where I, corresponds to the temperature of the layer, t e, I, = |I 
The radiation is therefore 

0 07irl, 0 28 ttI , 0 09wl, 0 37 ttI, 

and does not exceed the absorption apart from that of solar radiation. We 
conclude that if the outer layer of the atmosphere is isothermal it must 
extend at least until the layers = $jj# is reached It appears also that the 
greater the absorbing power of the atmosphere for terrestrial radiation the 
greater will be the height at which the isothermal condition begins, apart 
from other considerations 
The radiation from the layer pa to $p 0 is 

0 48irl, 0 9371-1, 0 47 ttI, 0 flowl down, 

0 37tt1, 0 46ttI , 0 - 347rI, 0 39 tt 1 up, 
or 0 85irl, 1 39 ttI , 0 81wl, 1 34 ttI m alL 

The absorption in it is from the outer layer, 

0*12irl«, 0 65irl«, 0 14wl 4 , 0 75 ttI« 

and 0 58 ttE, 0 99wE, 0 67irE, 1 OOttE from the earth, 

or 0 61wl, 1 I3 ttI , 0 61wl, 119irl if E = I 

The radiation therefore exceeds the absorption in this layer by 
0 24 ttI, 0 26irl, 0 20irl, O'lforl, 
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and this must be made up by absorption of solar radiation and by convection 
of energy from the* earth’s surface either in the form of warned air or water 
vapour 

If we take the mean value to be 0 21 ttI, and assume that solar radiation 
and oonveotion are absent, and that m consequence the temperature of the 
layer falls uniformly, the fall per minute is elio or about 1° C in 
24 hours if I correspond to a temperature 300° A The radiation to earth 
from the atmosphere if I <xp up to p = \p Qt and is constant afterwards, is 

0 51ttI, 0 94ttI , 0 Slirl, 0 95wl 

From measurements made at Zurich by Maurer,* it was found that the 
radiation from the atmosphere was 0 37 calories per mmute, the air 
temperatuie being 15° C, and the height of the observing Btation being 
440 metres above M S L This gives a down radiation equal to 0 70irl 
Similar measurements made at Kauris (950 metres), at a temperature of 
— 6° C, gave for the atmospheric radiation 0 21 calories per minute or 0 41wl 
Veryf found values for the effective temperature of the Bky from 
radiation measurements vary mg from — 25° C to — 60° C With a cirrus 

ha4e he found —15° C If we take a mean value —40° C, we get for the 
ratio of sky radiation to that from a black body at temperature 16° C, the 
value 0 42 

These values agree best with the values obtained on assumption (1) 
regarding the absorbing power of the atmosphere 
The radiation from the layer p 0 to 4 p 0 is 

0 87ttI, 156ttI, 0 837tI, 1557tI 

The radiation absorbed comes fiom the earth, from the layer £**> to {p<> 
and from the outer layer lp Q to 0 

The amountB from theBe three sources are respectively 
0 54?rE, 0 98 ttE , 0 52wE, 1 OOttE, 

0 08ttI, 0 28rrl, 0 12 ttI, 0 33wl 
and 0 07ffl c , 0 16 ttI c , 0 03wl ft 012wl* 

Thus if E = I, the total absorption in the layers to 4p 0 » 

0 64wl, 130irl, 0 65wl, 136wl 

The balance of energy to be supplied by solar radiation and oonveotion is 
0 23 ttI, 0 26wl, 018wl, 019wl 

* Haim, 1 Lehrbuch der Meteorologie,’ p 36. 
t “ Temperature of the Mood.” 

F 2 
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By subtracting these values from those found for the more extensive layer 
jpo to ipo, we get the energy to be supplied by convection and solar radiation 
to the layer to lp 0 , t e , 

0 Olvrl, 0 OOttI , 0 02wl, -0 04irl 

These amounts oould be supplied by absorption of Bolar radiation alone, so 
that there will be little vertical convection above tyo In fact, m case (4) the 
layer is absorbing more energy than it radiates 
The outward radiation across the outer limit of the atmospheie in the case 
when the layer above \p n is isothermal is 

0 ISttIo+ 0 39wE+0 32wl - 0 02 ttI, 

0 56ttI«+ 0 OOwE + 0 26irl—0 08irl, 

018wI«+0 3‘JwE+O 27 tt 1-0 02wl, 

0 75irJ e +0 OOwE+0 18irI-0 09 ttI, 

or if E = I, 

0 IZirl, 0 32ttI , 0 68wl, 0 28wl 

But this radiation must be equal to the difference between the incident and 
the reflected solar radiation, including m the reflected, the part of the 
diffused radiation which is returned to space, say /me-half According to 
Abbott and Fowle,* clouds reflect 66 per cent of the solar radiation We 
may take the amount of diffused radiation to be 40 per cent tor to the 
cloud level 16 per oent Thus, if there were no olouds present the moident 
solar radiation which the above radiations ought to balance would be 
80 per oent of the total incident solar radiation, and if clouds were present 
the amount would be 

100(1—i x016 — 084x066 + jx016x0 84x0 66) per cent as 41 per eent, 

so that if tiie average intensity of solar radiation = wl, the temperature of 
the upper layer m the caseB of greater absoi ption must be higher than that 
corresponding to the isothermal state from upwards 

The presence of olouds will not materially affect the terrestrial and 
atmosphonc radiation, since they reflect it but little and if they absorb they 
will also radiate for the same wave-lengths 

VII Application to the Consideration of the Day and Night Temperatures of 

the Earth's Surface 

If we would apply our results to a consideration of the day and night 

* «Annals of Astrophysicsl Observatory of the Smithsonian Institution,’ 1806, p. 144 
+ JbuL, p. 188, 
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temperature of the earth's surface as Poynting* has done, we find, if we 
neglect conduction, 

Em.* = Q+tS-W, E^ = Q—E' It 

where E^ are the earth-radiations at the time of maximum and 

minimum temperature, Q is the downward atmospheric radiation, and E', E'i 
are the rates at which energy is being convected from the surface or is being 
lost by evaporation E\ is piobably small and may be positive or negative, 
but E' will he considerable To produce an annual rainfall of 200 om, 
which we may take as the value for the equatorial zone, the rate at which 
energy is being lost by evaporation is 0 22 calones per minute per cm 1 If 
the process goes on only during the day, the average rate is 0 44 calories per 
minute, and it seems fair to take the rate at the time of maximum temperature 
to be at least twice the average rate, so that we may put E' = 0 9 calones per 
minute 

Puttingf <8 = 14 and taking the mean air temperature to be 300° A, so 


that rrl = 0*62, we get 

E^ = 0 51irT 4 <8—E' = 0*32+14- 09 = 082 (l) 

or = 095irI+<S-E'= 0 59+14-09 « 109 (u) 

and Emin = 0 sfxl = 0 32 (i) 

or = 0 95irl = 0 59 (u) 


the two cases corresponding to the two assumptions as to the absorbing 
power of the atmosphere 
The corresponding temperatures would be 

<9 m „ = 322® A or 346° A. 

6> mlo = 254° A or 296° A 

At an altitude of 5 5 kilometres, corresponding to a pressure equal to half 
the surfaoe pressure, we have 

Q = 014irl (i) 

or =0 3SirI (u) 

m the two coses 

Further, <8=17 nearly, and in order to obtain an approximate value for 
E', let us put it equal to x (6— T), where T is the mean air temperature The 
value of x will be 0 04 or 0 02, assuming that the surfaoe values are correot 
The equations for fl_.. then become 

a* 4 ™* = 0 09 + 17-0 04 (6^-T) (i> 

* * Phil Mag,’ December, 1907 
t Bee AugetrOm, * Met Zeit,' 1901, p 187. 
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or ? 0S»„ =5 0 22+17—002 (^nutt—T),* (u) 

where T = 252° A, corresponding to a sea-level temperature of 300° A 
These give 

0am = 284° A (i) or 312° A (u), 

and the value of E' is 1 2 nearly 
The values of 0 min are 184° A, (i) and 231° A. (n) 

These results indicate that the effect of solar radiation would be to set up 
convective streams in the atmosphere for a considerable height above an 
elevated plateau Thus in case (i), at the time of the maximum, it would be 
necessary to ascend 3 5 kilometres with an adiabatic gradient before reaching 
a place where the temperature was equal to the mean daily temperature at 
the surface, and the effect of radiation in the atmosphere would not be in the 
direction of destroying the adiabatic fall, since this fall would be in the lower 
layers of the atmosphere over the plateau, and would, in fact, be consistent 
with radiation equilibrium to a height at least equal to that at which the 
pressure was equal to half the pressure at the surface of the plateau 
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Note on the Effect of Hydrogen on the Discharge of Negative 
Electricity from Hot Platinum. 

By Professor H A Wilson, FES, King’s College, London. 

(Received October 6,—Read November 19, 1908) 

In a recent paper on “ The Effect of Hydrogen on the Discharge of Negative 
Electricity from Hot Platinum/'* I gave a calculation of the thickness of the 
double layer on the surface and of the number of free electrons inside the 
platinum Professor 0 W Rickaidson has pointed out to me that two terms 
in one of the equations, one of which I discaided as being small oompared 
with the other, are really of the same order of magnitude The results of the 
calculation are consequently wrong, and the estimate of the number of free 
electrons is considerably too high The difficulty mentioned m the paper, 
that the energy requued to raise the temperature of the electrons is 
apparently greater than that required to raise the temperature of the 
platinum, consequently disappears 

In the equation! 

the terms r, f 4re<//> (= 10 ~ 14 ) and 1 are quite negligible compared with 
lover" 

f 6 -«mrt/ 0 (_ io u ), go that we get 

pop 

V > -fikgisgr- »+*,«(l+££+ig£.). 

which gives, without further approximation, 

V = 4v<rt+2/3 log (l+ 

Substituting R = NVe/J, Q = 47 rcr^N/J, and J3 * /3q0, this gives 

H.Q + t^i»(i+taS$S^ 

Comparing this with R m Q+201og D/A, we get 

k, 5 -^m(i + *se^sa^. 

• ‘PhiL Trang.,' voL 90S, A 438 
t Loc at, p> 870 
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Now, aince p = —pjSofl = —ne/3o6, we see that —/9»eN is equal to the gas 
constant R 2J, heuce /SoeN/J = —2 Hence 



If we take two values of Q, Qi, and Qa, and the corresponding values Ai 
and Aa, we get 

n _ / Qi a Ai *— 3 

l Qi s —Qj* J 

This equation, with the values found for A and Q, gives D = 3 7 x 10®, 
hence po — —7 x 10 13 The expression for t then gives the following values — 


Q 

A 

t 

145,000 

1 14 x 10® 

9 6 x10“® cm 

131,000 

69x10’ 

99 „ 

110,000 

10“ 

107 „ 

90,000 

6 x 10 4 

90 „ 

56,000 

2x 10* 

56 „ 


The five values of t agree as well as could he expected 
Since po=sne and e is about 3 x 10~ I# , we get n = 2x 10** Patterson* 
calculated the number of free electrons per cubic centimetre of platannm from 
the change in its resistance due to a magnetic field, on J J Thomson's theory, 
and got n = 2 8 x 10 s *. 

It is interesting to apply the formula for i to platinum polarised with 
hydrogen in dilute sulphuric acid The potential fall in this case is about 
0 0 volt, which corresponds to a value of Q about 21 x 10* If, then, we 
suppose A/D to be small, which is the case in H, at high pressures, we get 
<» as Q*/So/8wpo0, which gives, at 6 = 300, t = 4 8 x 10~* cm. The thi cfennsa 
of the double layer m this case has been estimated by several observers from 
the polarisation capacity and found to be about 2 x 10~* cm 

• ‘Plnl Mag,’ 6, vol 3, p 643. 
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The Yielding of the Earth to Disturbing Forces. 

By A E H Love, F It S, Sodleian Professor of Natural Philosophy in 
the University of Oxford. 

(Received November 28, 1908,—Read January 14, 1909 ) 

1 Any estimate of the rigidity of the Earth must be based partly on some 
observations from which a deformation of the Earth's surface can be inferred, 
and partly on some hypothesis as to the internal constitution of the Earth 
The observations may be concerned with tides of long period, variations of 
the vertical, variations of latitude, and so on The hypothesis must relate 
to the arrangement of the matter as regards density in different parts, and 
to the state of the parts m respect of solidity, compressibility, and so on 
In the simplest hypothesis, the one on which Lord Kelvin'B well-known 
estimate* was based, the Earth is treated as absolutely incompressible and 
of uniform density and rigidity This hypothesis was adopted to simplify 
the problem, not because it is a true one No matter is absolutely incom¬ 
pressible, and the Earth is not a body of uniform density It cannot be 
held to be probable that it is a body of uniform rigidity. But when any 
part of the hypothesis, eg, the assumption of uniform density, is discarded, 
the estimate of rigidity is affected Different estimates are obtained when 
different laws of density are assumed Again, whatever hypothesis we adopt 
as regards the arrangement of the matter, so long as we consider the Earth 
to be absolutely incompressible and of uniform Tigidity, different estimates 
of this rigidity are obtained by using observations of different phenomena 
Variations of the vertical may give one value, variations of latitude a notably 
different value It follows that “ the ngidity of the Earth ” is not a definite 
physical constant But there are two determinate constant numbers related 
to the methods that have been used for obtaining estimates of the rigidity 
of the Earth. One of these numbers specifies the amount by which the 
surface of the Earth yields to forces of the type of the tide-generating 
attractions of the Sun and Moon The other number Specifies the amount 
by which the potential of the Earth is altered through the rearrangement of 
the matter within it when this matter is displaced by the deformiug influence 
of the Sun and Moon If we adopt the ordinarily-accepted theory of the 
Figure of the Earth, the so-called theory of (l fluid equilibrium,” and if we 
make the very probable assumption that the physioal 'constants of the 

* For Lord Kelvin's work on the subject, reference may be diode to his 4 Math and 
Phys. Papers,’ voL 3, or to Thomson and Tait’s 4 Nat. Phil.,’ Part 8, §§ 735—737 and 
333-847. 
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matter within the Earth, such as the density or the inoompressibility, are 
nearly uniform over any spherical surface having its centre at the Earth's 
centre, we can determine both these numbers without introducing any 
additional hypothesis aB to tho law of density or the state of the matter. 
We shall find, in fact, that observations of variations of latitude lead to a 
determination of the number related to the inequality of potential, and that, 
when this number is known, observations of variations of the vertical lead 
to a determination of the number related to the inequality of figure. 

[Note December 15, 1908 —This statement needB, perhaps, some 

additional qualification. It is assumed that, in calculating tho two numbers 
from the two kinds of observations, we may adopt an equilibrium theory 
of the deformations produced m the Earth by the corresponding forces 
If the constitution of tho Earth is really such that an equilibrium theory 
of the effects produoed in it by these forces is inadequate, we should expect 
a marked discordance of phase between the inequality of figure produced 
and the force producing it Now Heekers observations, cited in §6 below, 
show that, m the case of the semidiurnal term m the variation of the 
vertical due to tho lunar deflexion of gravity, the agreement of phase is 
close If, however, an equilibrium theory is adequate, as it appears to be, 
for the semidiurnal corporeal tide, a similar thooiy must be adequate for the 
corporeal tides of long period and for the vanations of latitude ] 

2 We take a to represent the mean radius of the Earth and p to represent 
the mean density. In the undisturbed state the Earth will he taken to 
rotate as if ngid about a principal axis We shall denote by po,j>o, V 0 the 
density, pressure, and potential m the undisturbed state In the theory of 
fluid equilibrium it is supposed that, for a first approximation, p* may he 
taken to be a function of r, the distance of a point from the centre If po were 
known, V<> would bo kuowu, and then po would be determined by the equation 

o, 

po or or 

and the condition that po vanishes at r = a In the same theory it is 
supposed that, for a second approximation, the surfaces of equal density, 
which are also equipobeutial surfaces and surfaces of equal pressure, may 
be regarded as oblate ellipsoids of revolution about the polar axis, the 
elliptioity E of the ellipsoids being a function of r, which is .mail for all 
values of r in the range a > r >0 Thus a surface of equal density, given, 
to a first approximation, by the equation r m K, is given, to a second 
approximation, by the equation 

r sb B{l+E(l—'Cos*0)}, 
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•where 6 is the eolatitude measured from the polar axis Then the theory 
leads to the equation* 

where e denotes the value of E at r ss a, a denotes the angular veloeity of 
rotation, and q denotes the value of gravity at the surface, so that 

9 - $**/(>*> 

the constant of gravitation being denoted by 7 Further, if C, A denote 
the moments of inertia of the rotating body about its axis of figure and 
a perpendicular axis passing through its centre, there is no difficulty in 
obtaining the equation 

c “ A=s iIj? 0 ^ (r6E)rfr (2) 

In calculating the constant of procession (C—A)/A, we may, with 
sufficient approximation, take A to be given by the formula 

3A = 8ir f p»i A dr (3) 

Jo 

The values of a, p, to, g, e, (C—A)/A are pretty accurately known by 
observation 

This outline of the theory is sufficient for our purpose We shall not 
need to take account of those further refinements in which quantities of the 
order e 2 are retained 

3 Now consider the rotating body subjected to deforming forces With 
a view to calculating the deformation we may disregard the effects of rotation 
and consider the undisturbed body as sphenoal and of density p 0 at a poin 
1 distant t from its centre Let the forces be derived from a potential which, 
m the region 0< r < a, is expressible as a sum of spherical solid harmonics 
of positive integral degrees. Let W„ be a single sphenoal harmonic term of 
this sum, the degree n of this term being a positive integer Under the 
aotion of the foices denved from the potential W* the body will be deformed 
Let U denote the radial component of the displacement, and A the cubical 
dilatation at any point F The density at P in the disturbed state will not 
be the value of po which belongs to the point P, but it will he 

Whatever theory of the constitution of the Earth may be adopted,! 
provided that the physical constants, such as density or incompressibility, are 

* Cf J H Pratt,' Figure of the Earth,’ 1866 edition, p. 78 
t See the note added at the end of 8 1 
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functions qf r, the quantities U and A will be products of the spherical 
solid harmonic W* and some functions of r The potential V of the, 
disturbed body at a point will not be V 0 but it will be the sum of Y 0 and the 
potentials clue to ( 1 ) a volume distribution of density — TJ(dpo/dr)— p 0 A 
throughout the region 0 < r < «, and (u) a surface distribution of density 
[poU]r»a over the surface r = a Honoe the potential will differ from V 0 by 
terms which are the products of the spherical solid harmonic W„ and 
functions of r In the most important cases n = 2, and we may wnte 

U = H(r)—, A V = V # +K(r) W a> (5) 

9 9 

where H(r), /(r), K(r) are functions of r, and the constant Ifg lias been 
inserted m the expression for U for the sake of convenience If, in fact, 
W a is a penodio term of the tide-generatitig potential, Vf%fg is the “ true 
equihbnum height” of the corresponding tide^that is to say, it is the height 
of the harmonic inequality which the forces ai lowering to W a would produce 
in an ocean covering a rigid spherical nucleus, of the same size and mass as 
the Earth, if the depth and density of the ocean weie negligible From the 
definition of K (r) we easily find the formula 

K <*> “ gjr* ijr (’'H <’» (6) 

In what follows we shall write h for H (a) and k for K (a), so that the 
equation of the disturbed suiface is 

r s= a+hWa/g, 

and the disturbance of potential at the surface is AW* The numbers 
referred to above os specifying the inequality of figure and the inequality of 
potential are the numbers h and k 

4 The horizontal pendulum is an instrument for measuring small 
displacements of the vertical The deflexion is proportional to the 
gravitational attraction in a direction at right angles to the axis of the 
instrument. The attraction in question may be regarded as due to the 
Earth) the Sun, and the Moon The axis of the instrument may be taken to 
be normal to the disturbed suiface r =s a +AW,/^ The forces acting on the 
pendulum are: (i) a force derived from the potential W*, (u) a force derived 
from the potential fcWj, (m) the component of undisturbed gravity 
tangential to the surface r — a+hW 3 /g If W a is the disturbing potential 
dlie to the Moon alone, the three forces act in the plane containing the 
Earth’s oentre, the Moon’s centre, and the bob of the pendulum. We 
calculate the forces in this case, beginning with the force (m). We have 

W,*^^( 4 cos>d'-J), 
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where M denotes the Moon's mass, D the distance of the Earth's centre from 
the Moon's centre, r the distance of a point from the Earth's centre, 0' the 
angle between the radius vector drawn from the Earth's centre to the point 
and the radius vector drawn fiom the Earth’s centre to the Moon’s centre 
The surface r = a+hW 9 fq is approximately an ellipsoid of revolution, and 
its eccentricity e is given, correctly to the first order, by the equation 

^ _ S/utyM 

gw 

The angle between the central radius vector and the normal at any point 
of the ellipsoid is, to the first order, c 3 sm 0 ; cos 0 9 Hence the component of 
gravity tangential to the surface is, to tho first order, 

Shamil _ a , & h 3W* 

“T5r- Bmtf0OB ^ or w 

The sense of this force ih that m which 0 f increases The magnitudes of 
the other forces can be written down; and the resultant force acting at right 
angles to the axis of the instrument is 

l3W a ,*3W, A3 W a _ 

aW*a 30' a %0' {7) 

If the Earth were absolutely rigid, the force would be a~ l dW 9 fd0' Hence 
the ratio of the observed deflexion of the pendulum to that which would 
occur if the Earth were absolutely rigid is 

1 + A —h . 1 

This result* has been obtamod by regarding W» as the Moon’s tide¬ 
generating potential, but it is clear that the same expression would be 
arrived at if W a were any term of the tide-generating potential due to the 
action of both Sun and Moon, for the numbers h and k are the same for all 
'disturbing potentials expressed by spherical solid harmonies of the second 
degree 

5 An approximate expression for the height of any oceanic tide which 
follows the equilibrium law may be calculated by neglecting the depth and 
density of the ocean Let W* be a term of the tide-generating poteutial 
Then the corresponding inequality of the surface of the ocean, calculated m 
the way described, is (l+/r)W 9 jg t aud the inequality of the nucleus is 
AW 3/7 Thus the height of the corresponding tidef is calculated as 

* An equivalent result for an incompressible sphere with a special law of density is 
given by W Schweydar, ‘Beitrfige zur Qeophymk,’ vol 9, 1907, p 41, but his argument 
is, m one place, so briefly eipressed that I And it difficult to follow 

+ This result is, of course, well known 
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+fc—&)W*/ 0 , and the ratio of the actual height to the true equilibrium 
height la 1 + &—h * 1 Apart, therefore, from a correction depending on the 
depth of the ocean, the self-attraction of the waters, and the pressure of the 
tidal wave upon the nucleus, the quantity which is measured by means of 
observations of the long period tides is the same as that which is measured 
by means of the horizontal pendulum It is, therefore, not surprising that 
estimates of the ngidity of the Earth which are based on observations of the 
fortnightly tide are nearly the same as those which are based on observations 
of the variations of the vertical 

6 Lord Kelvin’s estimate was based chiefly on observations of the fort¬ 
nightly tide m the Indian Ocean, from which observations it was inferred that 

1 + 4 -* = !- ( 8 ) 

very nearly This result has been confirmed by W. Schweydar,* by an 
analysis of much more numerous observations of fortnightly tides, and also 
by an analysis of several sets of observations made with horizontal pendulums. 
But the most striking confirmation is to be found m the investigations 
of O Hecker.f conducted by means of horizontal pendulums His very 
precise and consistent results show that the equation ( 8 ) is remarkably exact. 

7 An analysis of many series of observations of variations of latitude 
led S C ChandlerJ to the conclusion that such motions are roughly ponodic 
with a period of about 427 days If the Earth were an absolutely rigid body, 
having the figure of an oblate ellipsoid of revolution, with ellipticity equal 
to tliat found by geodetic observations, and having that Tatio of moments of 
inertia about polar and equatorial axes which is deduced irom the observed 
amount of precession, it would execute a free oscillation about the steady 
motion of rotation in a period of about 306 days, and the variations of 
latitude would have this period The lengthening of the period from 
306 days to 427 days is due to the defect of rigidity The result that a 
yielding of the Earth would lengthen the period was obtained by 
S. Newcomb,§ and the period was investigated theoretically by S. S. Hough.|| 
The theory has been placed in a very clear light by G Herglotz 1 

8 We take the undisturbed axis of figure as axis of z t and choose axes of 
x and y in the equatorial plane Let l t vi denote the cosines of the angles 
which the instantaneous axis of the Earth's rotation makes with the axes of 

* Loo otL 

t « Beobachtungen an Horizontalpendeln * Veroffeutlichung d. k Preuss. 

geodhtischen Institute/ No 22, Berlin, 1907 
X 'Astronomical Journal/>ols. 11, 12, 16,19, 21, 22 (1891—1902) 

§ 1 Mon Not B. Astr Boa,* 1892. 

|| ‘Phil TransA, vol 187, 1896 
f ' Zeitschr f Math u. PhysvoL 62, 190ft, p 276 
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x and y The yielding of the Earth may he computed as the yielding of 
a sphere to forces derived from a potential W a , where 

W, = — w a (lx+my)z (9) 

It is, therefore, expressed by a radial displacement U and a dilatation A, 
where 

U = H(r)W^, A«/(r)W^ 

Tlus displacement of the matter is to be superposed upon the inequality 
due to uniform rotation about the axis of z The momentB and products of 
inertia of the doformed rotating body with respect to the axes of x t y t z can 
be calculated The angular velocity of the frame of moving axes of x, y, z 
has components mo>, o> referred to their instantaneous positions The 
equations of motion of the body with the calculated moments and products 
of inertia referred to the moving axes can be formed by the ordinary methods 
of dynamics, and the period of free nutation can be deduced This is 
Herglotz* method, generalised by the inclusion of the effect of compressibility 
9 It is found that, to the first order, the moments of inertia. A, C are 
unaltered, but that small products of inertia are introduced The values of 
these products are given, correctly to the first order, by the equations 

\zxdm = l g j*[£{r«H<r)} »-f(r)]*, (10) 


jxydm s= 


where the integrations in the left-hand members are taken through the mass 
of the disturbed body By means of the result (2) we obtain the products of 
inertia m the forms* 

—met (0—A), — f*(0—A), 0, (11) 

where 

( 12 ) 

The period r of free nutation is given by the equation 

T “ *(l-!o(C—A) (13) 


* The formula (11) and (13), and a formula equivalent to (IS) in the case of incom¬ 
pressibility, were given by Herglotz (loo cit) The constant a is equivalent, m this case, 
to the constant which he denotes by » The result expressed by (12) and (13) agrees 
with that obtained by Hough if the initial density p 9 m uniform and the matter 
incompressible. 
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If the Earth were absolutely rigid the period r# would be 

2wA 


To’ 


w(C-A)’ 

so that the period is lengthened by the yielding in the ratio 1 (1—«). 
Now if we introduce the results (1) and (6), we find 


1 — eg as jb 
T 


aw* 1/ _ aa> a \ 

2 fflY 2 g) 


(14) 


(15) 


It appears, therefore, that the constant k is determined. 

10 The period denoted by r 0 is known from the constant of precession 
to be about 306 days, the penod denoted by t is known from observations 
of variations of latitude to be about 427 days The value of a is about 
*4?, and the value of e is about Hence we find 

k = -fa nearly (16) 

Since h—k = ^ nearly, and A = -fa nearly, we find 


h = | nearly (17) 

Theso results may be expressed as follows —The inequality produced m 
the potential of the Earth, near its surface, by the action of the Sun and Moon, 
is about four-fifteenths of the tide-generating potential, and the inequality 
produoed in the surface of the Earth is about three-fifths of the true 
equilibrium height of the tide The results hold for each of the partial 
tides answering to the several periodic terms of the tide-generating potential 
11 If the matter within the Earth is assumed to be absolutely incom¬ 
pressible and of uniform density p, we should have k = $/* If, further, it 
is assumed to be of uniform rigidity fi, the theory of the d«h>nnfti.inn 0 f an 
elastio sphere would give the result 


A_|(l +¥ JL ) 1 (18) 

But the actual relation A—A = |, obtained from the tides and the varia¬ 
tions of the vertical, then gives h = |, or n m ^ qpa Since gpam 3 6 x 10“ 
nearly m C G S units, we have p=s 7 6 x 10 n nearly Thus the rigidity 
calculated by this method is about the rigidity of steel (Kelvin’s estimate). 
If, instead of using the result h—k = we use the value f for h, we find 
from (18) the value fi m \gpa, or about 12 x 10“ The approximate 
agreement of this estimate of ngidity with that which has been deduced 
from the rate of transmission of the second phase of earthquake waves to 
great dis ta mee a Bhould not, I think, be regarded as of much importance. 

12. One way of deducing an estimate of rigidity from observations of 
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variations of latitude combined with the hypotheses of absolute incom¬ 
pressibility and uniform density and ngidity is to give to r 0 , t, c, am*/ 2g in 
equation (15) their actual values, so that k s= nearly. This method gives 
h = ^ nearly, and then, by equation (18), we find p = 1*7 x 10 u nearly* 
A second way is to give to r 0 /r and aa>*/2g their actual values, and to e the 
value which it would have, according to the theory of fluid equilibrium,, 
if the matter were homogeneous This method* gives isO4226 and 
(i == 9 2 x 10 u nearly A third way is to give to r and ae» u /2g their actual 
values, and to to and e the values which, according to the theory of fluid 
equilibrium and the theory of precession, they would have if the matter 
were homogeneous We should then find ^ = 0 685 and p = 4 4 x 10 u 
nearly In view of these results the approximate agreement of Hough’a 
result with Kelvin's estimate does not seem to have much importance.f 
13 In older to obtain an estimate of the rigidity of the Earth from 
observations of variations of latitude, it Beems to be necessary to combine the 
observations with some hypothesis which will admit of the elliptieity e and 
the constant of precession (C—A)/A having their actual values. One of the- 
simplest admissible constitutions is that which has been proposed by 
E. WiechertJ He takes the Earth to consist of a solid nucleus of density 
8 206 enclosed m a sohd^hell of density 3 2, the ratio of the radius of the 
nucleus to the outer radius of the shell being 0 78 If we make the further 
assumptions that there is no slipping at the interface between nucleus and 
shell, and that the matter is absolutely incompressible and of uniform 
rigidity, we can calculate the numbers h and k m terms of the rigidity If, 
then, the ngidity is adjusted so that the period of free nutation may be 
427 days, there results p — 11 68 x 10 n nearly If, however, the ngidity is 
adjusted so that the displacement of a honzontal pendulum by tide¬ 
generating forces may be two-thirds of what it would be if the Earth were 
absolutely rigid, there results p = 6*3 x 10 u nearly The first of these 
results was obtained by Herglotz by transforming the equations of elastic 
equilibrium for a body of vanable density, and solving the transformed 
equations. The second result was obtained by Schweydar by using some 

* It ib , in effect, the method adopted by Hough {loo eti ) 

f Thu statement is not meant to suggest any doubt as to Kelvin's general conclusion 
that the Earth, as a whole, is a very ngid body All the astronomical evidence confirms 
this conclusion Kelvin's rather precise numerical estimate of ngidity, as some 7 or 
8 times 10“ dynes per square centimetre, appears to be confirmed rather well by 
Hough's estimate of about d times the same Hough described hu estimate as founded 
upon a u reasonable hypothesis" Two other reasonable hypotheses lead to 4} and 17, 
where Hough's leads to 9 These numbers confirm the general conclusion, not tha 
numerical estimate 

X 1 Gttttingen NaChnchten,' 1897 
VOL. LXXXIL—A. 


a 
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analysis due to ChreeJ* By an extension of the analysis winch was applied 
to such problems by Kehin, I have found the values 1162xlO u and 
6*3 x 10 11 The discrepancy between the two estimates of ngidity, deduced 
respectively from the period of free nutation and the displacement of 
horizontal pendulums, shows, as we should expect, that the assumption of 
uniform ngidity is untenable Schweydar has proposed to assume that 
there is one uniform ngulity for the nucleus and another for the shell, and 
finds that the results of the two kinds of observations can be reconciled by 
taking— 

fL for the nucleus = 2 02 x 10 ia , 
fi foi the shell =09 x 10 11 

The values which I have found are 215xlO ia and 086xl0 u The slight 
•disagreement between my results and those of Herglotz and Schweydar is 
due to slight differences in the assumed data The general conclusion, that 
the ngidity of the nucleus may be much greater than that of ordinary 
materials at the surface, and the ngidity of the shell smaller than that of 
most rocks/f is more important than the numerical values 

14 The results which liave just been descnbed may be takeu as indicating 
the effect of heterogeneity on the estimate of ragidity It appears that 
increase of density towaids the oentie compensates to some extent foi defect 
of rigidity, and that increase of rigidity towards the centre can compensate 
for a considerable defect of ngidity in the superficial portions The effect 
of compressibility is not known,} but it seems improbable that the yielding 
of a compressible sphere with an assigned rigidity should be less than that of 
an incompressible one The result that the rigidity of Wiechert’s shell may 
be less than that of most surface rocks led Schweydar to adopt Wiechert's 
suggestion that there may exist a plastic Bheet between the nucleus and the 
shell I think it may be regarded as coitam that there is not within 
a depth of 1400 km a continuous layer of molten matter, separating 
the inner portions of the Earth's body from the outer portions, and behaving 
as a fluid in respect of forces of the type of tide-generating forceB In order 
that the astronomical motions may be performed as we know they are, and 
that the surface may not yield to such forces more than we know it does, 
the portions of the Earth which are outside such a sheet, if it exists, must be 

* * Cambridge Phil Soc. Trans./ toI 14, 1889. 

t The rigidities of many kinds of granite and marble he between 2x10” and 3X10” 
CGS unite See the memoir by F D Adams and E G Coker, * Publications of the 
Carnegie Institution/ No 46. 

} My attempt to determine this effect in ‘Cambridge Phil Soc Trans./ vol. 16,1900, 
does not now appear to me to be satisfactory 
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much more rigid than we can reasonably conceive them to be No amount 
of rigidity of the nucleus would enable us to satisfy the conditions To 
illustrate this statement quantitatively it will be necessary to set down some 
of the analysis of the problem 

15 We oonsider a sphere of gravitating matter stratified in concentric 
spherical layers. The matter m any layer is taken to be of uniform density 
po and rigidity /*, these quantities varying from layer to layer, and it is 
taken to be absolutely incompressible. If we discard the assumption of 
incompressibility, the problem becomes much more difficult We suppose 
the sphere to be deformed by body forces derived from a potential W*, which 
is a spherical solid harmonic of the nth degree The initial pressuie po and 
potential V 0 in the layer become jh+p and V 0 f V* + W*, where V„ is the 
potential due to the inequalities at the disturbed boundaries of all the layers. 
Let (?/, v t v>) denote the displacement at any point y, z) within a layei 
The equations of equilibrium are three equations of the type 

and, since the undisturbed state is one of equilibrium, we can replace these 
by equations of the type 


^+^V s «+A»o| ; (Vn+W ( ,) = 0 

Wo have aho the condition of incompressibility 

dn , be , bw n 

To solve these equations, we put 


( 20 ) 


( 21 ) 




< 22 > 


where i is an integer, positive or negative, v and w aie to be derived from u 
by replacing «, successively by v, and w u and x successively by y and z, also 
u„ v„ u>, are sphenoal solid harmonics of the tth degree, and ^r, is a spheuoal 
solid harmonic of the ith degree defined by the equation 

— dtti+i , ■ dw,+i . . 

(23) 

The summation refers to all the values of i that ueed be taken 
16 With a view to the expression of the radial displacement U and the 
oomponentB of traction across a spheuoal surfaoe r = R, it is convement to 
introduce a sphenoal solid harmonio of the (—t—2)th degree defined by die 
equation 


(24) 
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Tbsn we find rV - <“> 

The value of U at r s= R can be expressed by means of (25) as a sum of 
spherical surface harmonics of positive degrees, say S,8j We shall write 
for the corresponding sum of spherical Bolid harmonics of positive degrees, 
so that 0 = (r/Ity S/ If r = R is a boundary of a layer in the undisturbed 
state, and pa, pa” are the densities just inside and just outside this surface, 
the contribution of this boundary to the inequality of potential V, is 



according as the point at which V. is estimated is within or without the 
surface r = R The value of V„ is the sum of such contributions from all 
the bounding surfaces. 

The ^-component of traction across the surface r = R is the value at r =* R 
of the expression 

or 


+ ex {(_u*-M*3fei + £i|Cfahffi l <"■***-.-.)} <m 

The radial component of the traction is the value at r = R of the 
expression 

-{po+Po(V n +W n )}+p2fo+3)(JL. -*+2' 


\t+l 2»+5 


)*<+i 

2t 


2t+l 


(28) 


The tangential traction across the surface r = R « a vector quantity 
which has a definite magnitude and direction at each point of this surface, 
the direction being at right angles to the central radius vector. We may 
resolve this vector into components parallel to the axes The component 
parallel to the axis of x is obtained by subtracting the 8-component of the 
radial traction from the ^-component of the resultant traction. We find 
that the ^-component of the tangential traction is the value at r at R of the 
expression 




(29) 


(2t+l)(2*+3) 
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17 The conditions to be satisfied at a disturbed boundary of a layer are 
conditions of continuity of displacement and traction. Except in the oase of 
the normal traction, it is sufficient to form the conditions at the undisturbed 
boundary. Let letters with single accents denote the values of quantities 
such as Ut and p just inside a boundary r = R, and letters with double 
accents denote the values of the corresponding quantities just outside the 
same boundary The condition of continuity of the ^-component of die* 
placement is 


Ui- 


K 3 


K 3 


3£s+«'. 


-1 + 


it* ay.. 


2i 


tU- 


— xl * I 1 It* /Qn\ 

~ “ • 2(.+l) V + “ — 1 ‘+s %-■ <*» 

where we have picked out all the terms which contain spherical surface 
harmonics of the same degree % We may now regaid i as positive The 
spherical solid harmonic of the tth degree, 

B 3 * ^ +1 


u u 


2(z+l)\ dx &T 




a*. a l ) 


vanishes at tho spherical surface r * R, and therefore vanishes foi all finite 
values of r We have two other like expressions which vanish in virtue 
of the conditions of continuity of the y- and components of displacement 
Henoe, by the usual method, we deduce the two equations 


and 
r* + » , 
R» *- 


i-»- 


ir't+i + ps+ 3 ^ r “•“* = same Wlfc l* doubly accented 

letters, (31) 

^y- 1 &±1+(§1±££ ^1? - same with doubly accented 


R** +a 


letters (32) 

The condition of continuity of the 2 -component of tangential traction is 


At'[(»-!)«'.-(*+ 2) 


,dt+i 

R** 


■U 


- * + 3 jj S 0drV+i_ 
2i + 5 


-2 r* +i a*'-, 

2i—3 R**- 1 Be 


4-1 


24+1 


Ji+1 




8 a 

(2i+ l)(2t—1) R** +l ar \ r* -1 / 


- pm 

2 (4-2) r* 41 a^'-t 

4-3)(24-1) R* “ST 

i 2(4+3) jpft+»agj+i~| 
^24+5) (24+3) aTJ 


same with doubly aooented letters 


(33) 
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From the three equations (two independent) of this type we obtain m the 
usual way the equation 

, 2»(t+2)(2t+5)> A+ »^ 

+i (2iTiyfc+z)nr ,f, -'- a 

_ 2(t+l)(t + 3) £jl+iT _ Sttlrie w , t ], j ou tiy accented letters (34) 
2,% + S ft" 


Tn forming the condition of continuity of nonnal traction at a disturbed 
boundary r = K + U, we may calculate all the teims that arise from the 
additional stress as if the boundary were the sphere r = K The only terms 
m which we need take account of the displacement of the boundary are those 
that arise from the initial stress The initial stress being hydrostatic 
pressure, the coi responding normal component of traction across any surface 
at a point is the pleasure at that point with its sign changed The initial 
pressure at a point on the surface i = 1( + U is expressible as the value of 
i>o+U(3j^/3 r) at a point on the suiface r = R When r = li is a boundary 
of a layer is continuous m crossing the boundary, but 3p 0 /3r is not, for 
its value is po(0V o /3r), and p 0 ib discontinuous Hence the condition of 
continuity of normal traction at the Bin face r = R+15 is 

-*'( u^+v.+w.j 


+ „'S[<2. + 3)(JL 

2i r a,+a a / 
2H-1 E* V-'~ a ~ 


£+i>)+' ,+1+{2t+i3) (rrs ’ + Inn) +'— J 


\t+2 2t+l/E* ,+ ‘' 


2 S) <k f *i 

~ 2t + 5 = 8am( * with doubly accented letters. 


It is convenient to eliminate </>'-,- a and _ 3 by means of the equation 
(34) We thus obtain the equation 


“*'(u^ +v - +w -) 

, 2t+3 f 2t*+8t + 9 

(t + 2)(2t+5)L i + l 


*'<+»+(»■+ 3) (2t+6)^5^'-.-, 


-2<»+3)gg!} 

ss same with doubly acoented letters (36) 


It is clear from these equations that in general the ouly functions of type 
<f>, yfr which oocur are <f>», y/r», <p- n -i, V r -«-ii ail( i the only functions of type w, 
which occur are u n -\, «»+!, u- H , w-»-s and the corresponding v’a and In 
the oentral portion of the sphere the only functions which oocur are those of 
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the types »»-i. ttn+i All these cau be expressed in terms of W* 

by solving linear equations It apjiears that U and V H are multiples of the 
surface harmonic W»r“" 

I obtained the results stated in § 13 above by applying the above analysis 
to the cose of a cential spherical nucleus and an enclosing shell with 
Wiechert’s values for the densities and radu 

18 We proceed to the example of an absolutely rigid nucleus, of density 
pi and ladius a h sepaiated by a layer of fluid* of density p* from a solid shell 
of density p a , rigidity p, and inner and outer radii a a and « 8 , the whole being 
subjected to body force derived from a potential Wa, winch is a spherical solid 
harmonic of the second degree Let {f, f denote the spherical solid harmonics 
of the second degiee to which the radial displacement U becomes equal at 
the Mirfax es r = a*, ? = a 3 respectively Then at any point m the solid 
enclosing shell wo have 

V u = tiry (pi-Pi) ^+4*7 0,-p,) «£+frrypz (3a’-r*) (36) 

r i 

ami V„ = r+ f>^} (37) 

The displacement at any point in the solid enclosing shell is expressed in 
terms of the functions <£*, <£- 3 » fa, ^-3 Equation (2o) gives 

f '= ~Mfr^+ * “j 0-3+^,^^-s-l §) * 



The tangential 
the equations 


traction vanishes at r s= and at / = a* and hence we have 


8 t*+V / T5^-a + 74^-3-Vfe = 0 


The condition of continuity of normal traction at r as a% + f' is obtained 
from equation (35) iu the form 

+4w*y (p» - /»*) £+1 (pi—f>s) «aC ' + 

-*{<*-*>■$ +/>.}«.r]- o, <4o> 

* In regard to the question of the adequacy of the statical theory to determine the 
behaviour of the supposed fluid layer, reference may be made to the Note at the end 
of $ 1. 
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and the condition that the normal traction at r = a 8 + f vanishes is obtained 
in the same way in the form 

^(y>*»+ 28 £ 6 *_ 8 - 8 &) 

—4mypa +i(fia—pa)~^P+ ^p*®»?— i |(pi —pa )^ 

+ (pa—P 3 ) ^,+pa J- «a?J 38 0 (41) 

19 It is sufficient to consider the case in which pu = p<j, or the density of 
the fluid layer is the same as that of the solid enclosing sholl Writing g for 
the value of gravity at the surface and p for the mean density, so that 

q - iirypaa = J-iry ^(pi-pj)~ 4-pa j-a,, 


and putting 


»=/ 


we find that the value of h is given by the equation 

i-aTi 3 Pa 1 1 (j 4.">6 — 1800/ 3 +2688/ 6 —1800/' 7 4-456/' lrt ~1 

L i p +i qp^ 24+40/ 3 —45/ 7 —19/ 10 J (43) 

20 Suppose the fluid layer to be thm, and consider the case where the 
density is distributed according to Wiecheit’s law We have then p 4 = 3 2, 
p *a 5'58, / as 0 78 Remembering that gpa a =*3 5 x 10“ nearly, and 
adjusting p so that h may have its aotual value we find p = 3 5 x 10 u 
nearly It appears, therefore, that, even if the solid nucleus were absolutely 
ngid, and the enclosing shell were 1400 km thick, the presence of a layer 
of fluid separating the nucleus from the enclosing shell would increase very 
much the yielding of the surface To prevent the surface from yielding 
more than it actually does, the rigidity of the enclosing shell would have to 
be nearly five times that of steel If the enclosing shell were thinner, 
a still higher rigidity would be needed For example, if it were 64 km 
thick, and of density half the mean density, or about 2*8, the requisite 
rigidity of the enclosing shell, the nucleus being absolutely ngid and the 
fluid layer thin, would be about 60 x 10 la dynes per square centimetre, or 
about sixty-snf times the ngidity of steel These numbers seem to me to be 
decisive against the hypothesis of the fluid layer This oonolusion does not 
negative the possible existence of areas of continental dimensions beneath 
which there may he molten matter It means that snob areas must be 
isolated, the molten matter beneath them cannot form a continuous sheet 
separating a central body from an enclosing crust. The conclusion does not 
negative the possible existence of a layer of comparatively small ngidity, 
but, if there is suoh a layer, it must be ngid enough to prevent a finite 
slipping of the enclosing crust over the oentral body 
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The Relation of the Earth's Free Precessional Nutation to its 
Resistance against Tidal Deformation. 

By Pi of J Lahmor, Sec KS 

(Received December 18, 1908,—Read January 14, 1909) 

The modem investigation of the wandering of the Earth’s axis of rotation, 
considered as a physical problem minting to the actual non-rigid Earth, may 
be said U> have been an tinted in Loid Kelvin’s address to the Physical 
Section of the British Association in 1870 After refenmg* to the scrutiny 
of the recorded observations of change of latitudes, conducted by Peters m 
1841 and independently by Maxwell m 1851, in search of the regulai 
Eulenan free period of 306 days winch would belong to a ngid Earth, 
with negative results, he insisted that the irrogidar motions brought out m 
these analyses ate not merely due to instrumental imperfections, but represent 
true motions of the Pole, due to displacement of terrestnal material For 
example, he estimates that existing shifts of mateual, of meteorological type, 
are competent to pioduje displacements of the axis of rotation ranging from 
1/2 to 1/20 ot a second of arc A sudden shift of material on the Earth will 
not at once affect the axis of rotation, but will stait it into motion mund the 
altered axis of inertia, with a peuod of 306 days if the Earth were rigid, 
which will go on displacing the Pole until it is daiiqied out by the frictional 
effects of the tidal motions thus originated A radius of rotation of 1 second 
of arc would raise ail ocean tide of the same period as tho rotation, having 
as much as 11 cm of maximum rise and fall Thus the motion of tho Pole 
is to be considered as continually renewed by meteorological and other 
displacements, as it is damped off by tidal and elastic friction, it was 
therefore, perhaps, not to be expected that it would show much periodicity, 
though the movements were eminently worthy of close in\estigation Then 
nature was examined more closely by Newcomb at Kelvin's request, 
but not much more had been done regarding their cause when Chaudlci 
announced that the records of changes of latitude did actually indicate 
a period of precession—of 427 days, howevei, instead of the Eulenan period 
of 306 days, which, if any, had previously been taken for granted Soon 
after, in 1890, observations were organised systematically by the Inter¬ 
national Geodetic Union on the motion of Prof Foerster, of Berlin; and 
already, m 1891, he was able to inform Lord Kelvin that a comparison 

* Reprint m ‘Popular Lecture* and Addresses,' rol. 2, see pp 268—273 
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of European observations with synchronous ones made at Honolulu gave 
direct proof of his conclusion of 1876 (supra), “ that irregular movements of 
the Earth’s axis to the extent of half a second may be produced by the 
tempoiary changes of sea level due to meteorological causes”* 

In the following year the synchronous observations had already indicated 
periodicity, apparently tn about 385 days, considerably less than ('handler’s 
estimate, which, however, longer observation has since confirmed substantially 
Lord Kelvin remarks m his next annual address as follows! —“ Newcomb, 
in a letter which I received from him last December, gave what seems to 
me undoubtedly the true explanation of this apparent discrepance from 
dynamical theory, attributing it to elastic yielding of the Earth as a whole 
He added a suggestion, especially interesting to myself, that investigation 
of the periodic variations of latitude may piove to lie the best means of 
determining approximately the rigidity of the Earth As it is, we have now 
for the first time what seems to be a quite decisive demonstration of elastic 
yielding of the Earth as a whole, under the influence of a deforming force, 
whether of centrifugal force round a varying axis, as in the present case, or 
of tido-geneiatmg influences of the Sun and Moon, with reference to which 
I first raised the question of elastic jieldmg of the Eaith’s material many 
years ago ” But 11 when we consider how much watSr falls on Europe and 
Asia during a month or two of lamy season, and how many weeks oi months 
must pass before it gets to tlie sea, and where it has lieen m the interval, and 
what has become of the air from which it fell, we need not wonder ” that the 
amplitudes of the polar wanderings “ should often vary by 5 or 10 metres in 
the course of a few weeks or months ” 

It will be recalled that the main object of the original calculations of 
Lord Kelvin, which assigns to the Earth sh a whole an effective rigidity of 
the same order as that of steel, uas to combat the view then prevalent which 
assumed for the Earth a fluid interior Even a solid shell of very consider¬ 
able thickness, enclosing a fluid core, was thus ruled out, unless its materials 
were preternaturally rigid, and it is clear that placing a solid core in the 
middle of the fluid interior cannot affect this conclusion so long as an 
equilibrium theory is applicable, % e , so long as the Uyer of fluid material is 
not so thin or viscous as to prevent its adjusting itself immediately by flow 
to the alternating tidal stresses impressed upon it from its solid walls, By 
passing to the other limit, and thus taking it so thirf that the outer shell 

* ‘ Presidential Address BS/ Nov 30, 1891 , *Populax Lectures / vd % p 604 
Lord Kelvin’s investigations up to 1876 are collected in ‘Math, and Fhys Papers./ vol 3, 
especially pp. 318—360 

t * Presidential Address R.S / Nov, 30,1898, foe ext , p 686 
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praotically rides on the solid nucleus, but without effective tangential stress- 
connection, we obtain a hypothesis to which this objection does not apply 
In a brief note in 1 Monthly Notioes RA.S/this year (1892), Newcomb 
showed, by a general estimate, that the effect of elastic yielding is competent 
to prolong the free period to about the amount required by observation. 
A formal mathematical discussion on the bases of calculation of the 
elastic deformation of a homogeneous sphere was figat given by Mr S S. 
Hough, now H M Astronomer at the Cape of Good Hope, in a memoir on 
“ The Rotation of an Elastic Spheroid,” in 4 Phil Trans1896 
He concluded that the Chandler free period required an effective rigidity 
of the Whole Earth of the order of that of stool, agreeing with Loid Kelvin's 
previous estimates from tidal phenomena, and his result seems to have 
been substantially confirmed by more recent calculations, giving for the 
average effective rigidity estimates derived from various possible hypotheses 
and simplifying assumptions ranging between extreme values 17 x 10 u and 
44xlO n , while Hough’s estimate was put at 8 98x10" This shows an 
even striking degree of agreement m calculations necessarily vague on 
account of the unknown constitution of the Earth’s interior, especially in so 
far as observations of the equilibrium tides of long periods, and of the 
deviation of sea level dite to tidal attraction which is essentially the same 
thing, lead to results of the same order as those of free processional rotation * 
It, indeed, suggests, as we shall actually recognise, that this internal 
terrestrial constitution really is not involved in these various phenomena, 
except in the common feature of determining the surface effects arising from 
a given tnlal or lotational stress f The key to the matter, from the general 
point of view, is contained in the remark of Hough that the free precession 
of the yielding Earth is the Bamo as that of a rigid one of the shape that 
would result when the bulging arising from the centrifugal foroe of diurnal 
rotation is removed It is not difficult to show, from geometrical considera¬ 
tions regarding momentum ,t that this result is general, and extends to¬ 
on Earth of any degree of heterogeneity or plasticity. The argument may 
be reproduced m analytical form and rather wider scope, from another place! 
(with definition of I rewritten), as follows — 

Let *> be the angular velocity of the Earth about the instantaneous axis, 

* Cf Prof A. E H Love, 1 Roy Soc Proc.,* mpra, p 73. To this paper I am indebted 
lor information as to results of recent calculation* 
t The identity of these two types runs through the discussions m Thomson and Tait’s 
* Natural Philosophy 1 

t ‘Pro* Camb. Phil SocMay, 1896, p 185. 

$ 1L E Hills and J Larmor, * The Irregular Movement of the Earth's Axis of 
Rotation," 1 Monthly Notioes R.A.S ,* Nov, 1906, p. 24. 
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■ 0 ) 1 , etg, «sits components referred to the principal axes in the configuration 
that the Earth would have if the motion were steady The Earth is 
■deformed from this configuration by the inequality of oentnfug&l force due 
to the deviation of the instantaneous axis from the principal axis, with 
which it would coincide if the motion were steady. This deforming force is 
the resultant of the centrifugal force, directed outwards from the 
instantaneous axis, and the reversed centrifugal force, directed inwards 
towards the pnncipal axis m question A linear law of elasticity applies to 
the small resultant of these two forces If the same law applied to the two 
forces separately, the reversed centrifugal force would change the moments of 
inertia A, B, C to certain values A', B', C', which might, under simplifying 
hypotheses, be calculated from the theory of the deformation of an elastic 
sphere, and the centrifugal force direoted outwards from the instantaneous 
axis would produce a certain change of density at each internal point, and would 
raise a certain protuberanoe on the surface, which might be calculated by the 
same theory Let I denote the moment of mertia (about the instantaneous 
axis) of a mass arranged as specified by this change of density and this 
protuberance The instantaneous axis is a pnncipal axis of this mass, and 
therefore the contributions of this mass to the components of moment of 
momentum are I«i, I®». I®* The complete expressions for the components 
hi, ha, ha of moment of momentum are therefore 

Ai s* A'wi+Itfi, ha — IVaij+Iauj, = G'ei-f lej. 

The equations of motion referred to the rotating axes are of the well-known 
vector type, 

dh\/dt —+ hatoa — L 
When A and B are equal, the third of them is 

£(C«>-N. 

where 0 is the effective moment of inertia C' +1 when N is null tat is thus 
oonstant, say Q, up to the first order The other two equations are 

| <A'+I)«i+(C'—B')fl« = L, 

| (B'+I)«,—<0'-A')fl«i « M, 

winch in the case of approximate symmetry involve a free period 
2 tt(A'+I)/(C'— A')n,and similarly in the general oase, thus depending only 
•on A', B', C' when I is small 

The result is that the penod of the free precession is not 0/(C—A) days, 
•as it would be for a rigid Earth, but approximately C/(C'— A')« where the 
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denominator is that difference of principal moments of inertia which would 
remain after the imposition of a bodily forcive having as potential 

W = - $«V8in»0 = 

namely, that of the centrifugal foroe reversed, Ps representing the zonal 
harmonic •J (3 cos* 6—1) 

The first part of W, the term — corresponds to slight contraction of 
volume, which is immaterial as regards the desired quantity C'—A' The 
other pa3rt, $®VP Sl will produce an extension, of the same harmonic type 
as itself, along the polar axis, which will m turn alter the potential of the 
Earth’s attraction at its own surface by k P s , where the value of k 
depends on its effective resistance to deformation Moreover the Earth's 
potential is at distant points, by Laplaoe’s formula, 

, 7 /E , A+B+C-3I . \ 

v =n? + — w -— + ■■)' 

which gives V = 7 (^—) 

in the present special case, and if, as m the actual circumstances, further 
harmonics do not occur to sensible amount, this expression holds right up to 
the Earth’s surface The free surfaoe, of ellipticity «, is 

r — a(l+eon*6) 

— a(l—f «P*), 

where a = a(l + |e) The value of e is determined by the constancy over 
the ocean surface of the total potential V—W, as — W is the potential of the 
oentnfugal force, viz, of 

7 +i«,W(l-P,), 

whence, equating to zero the coefficient of P», 

thus deriving from data of the distribution of gravity, or of the form of 
the Earth’s surfaoe, the value of C—A, which determines the astronomical 
precession, Again, if taking off the oentnfugal foroe would change C—A to 
C'—A', it would alter V by yr~ 9 {(C—A)—(C'—A')}P*, which must, accord¬ 
ing to the above specification of k, be equal to k . Thus 

C'—A' _ i 

7PT ” 0—A 

!_ k«*a/20 
e—a?a/2g 
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Henoe, if t is the penodic tune of actual free precession and to is what it 
would be if the Earth were ngid, 



This is the formula (15) m Prof Love’s paper before referred to, it is there 
deduced from a hypothesis of concentric spheroidal stratification of the Earth’s 
interior, after the manner of Laplace We have found that, like Olairaut’s 
formula for gravity, this relation is independent of any hypothesis as to the 
Earth’s internal structure, except such as is involved in the definition and 
value of A 

As w 3 afg is 1/289 and r is found to be 428 days, and to is 306 days, this 
relation makes A equal to 4/15 

The values of k corresponding to various moduli of rigidity and com¬ 
pressibility of the Earth considered as a homogeneous globe might perhaps 
bo deduced and tabulated for comparison, from Lord Kelvin’s and Bimilai 
elastic analysis 

The height of the long-period equilibrium tides provides different data, 
corresponding to an extraneous tide-producing potential W a of this type, 
the absolute nso of the water is (1+A) W a /^, from which has to be subtracted 
hWiJg for the rise of the solid Earth due to this‘tide-producing potential, 
thus leaving a factor 1 + k—h for the relative tide which alone can be the 
subject of observations The reductions of tidal data for the Indian Ocean 
gave Kelvin and O H Darwin the value 2/3 for this factor, which is 
confirmed by more recent disoussions the observations of Hecker with a 
horizontal pendulum at the bottom of a well, which obviously determine the 
same thing, viz, the change of level due to tide-producing potential, ooncur 
in a remarkable manner Thus h — 3/5 

These values of k and h, as defined m the last paragiaph, would not be 
independent for a homogeneous incompressible globe they would, in general, 
require for their consistency both elasticity of volume and of form The 
phenomena of free precession give the value of k, but with reference to 
compression along the polar axis, those of tidal change of level give the 
value of A—A, or rather its mean value, with reference to compression alon g 
Axes m the neighbourhood of the equator * This statement is the purest 
and simplest expression of the information relating to the solid Earth's 
resistance to deforming forces that the data of penodic ohange of latitude 

* Cf Prof Lots, rupra, p. 61 ,to whom this proposition is substantially duo, having been 
reached by him through analysis appropriate to a centncally stratified body. The 
quantities h and i, in other notation, enter essentially into the tidal d««ra«u» T ty 
Kelvin and Darwin u Thomson and Taitfe * Nat Phil.’ 
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ancl of equilibrium (t e, long-period) tides can supply, prior to any hypothesis 
regarding the internal distribution and the elective elasticity or plasticity 
of its materials 

[Added February 2 —It has been remarked above, after Lord Kelvin, that 
a sudden shift of material from one part of the Earth’s surface to another 
would alter the position of the principal axis of inertia round which the free 
precession of the Earth’s axis of rotation takes place, and thus cause a sharp 
bend m the path of the Pole If the shift were merely local, such os an 
earthquake may be expected to produce, the effect would be inappreciable 
The connection of sharp curvature in the path of the Pole with seismic 
disturbance, if it really exists, would thus be indirect, the earthquake being 
itself started possibly by the slight changes, meteorological oi other, of 
distribution of surface load, which are indicated by the disturbance of the 
free precession 

Hut it is to be noticed that a ttubmaune seismic subsidence, it uncom¬ 
pensated by adjacent olevation, oi na vend , would be competent to produce 
sensible direct disturbance of the path of the Pole, for water would have to 
flow, iu part from distant regions, to till up the defect of level thus produced 
The same would be true for earthquake subsidence near coast lines, if it is 
compensated by rise of the land In reply to an inquiry on this subject, 
Prof Milne writes as follows —“ When a veiy largo earthquake occurs on 
land, we find vertical and latiual displacements of, let us say, 20 feet, along 
lines which may be one or two hundred miles in length The majonty of 
big earthquakes, however, are sub-oceanic in their origin, along lines parallel 
to mountain ridges, as, for example, at the bottom of the tiougli which runs 
parallel to the Andes The mass movement appears to result m the deepen¬ 
ing of the trough and the rise of the coast line We have measurements 
where depth has increased as much as 200 fathoms see ‘ Brit Assoc 
Seismic Repoit,' 1897, for a number of these measurements.” 

An estimate of the effect of such displacements is easily made Thus, 
an uncompensated subsidence of the ocean floor, of volume corresponding 
to a fall of one foot over a thousand miles square, in middle latitudes, 
would produce* a direct shift in the Pole of rotation amounting to about 
one-eighth of a second of arc, and at the same time the Pole of the principal 
axis of inertia, round which the 428-day precession of the axis of rotation 
takes place, would be displaced in the opposite direction through an angle of 
the same order of magnitude 

In connection with the possibility of irregularity m the Earth's diurnal 
* Loc ct&, 4 Monthly Notices B.A.R,’ Nov, 1906, p 96. 
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rotation due to Gauges of this kind, similar considerations arise.* A slight 
subsidence, due to shrinkage around the equator, unless it extended down¬ 
ward a long way toward the Earth's centre, would have negligible direct 
effect on the moment of inertia and, therefore, on the length of the day, but 
if it were under sea it would involve transference of water from regions 
nearer the Earth’s axis, in order to make up the deficiency, and if the 
equatorial regions were all under water, a contraction of 50 cm in equatorial 
radius would m this way alter the length of the year by an amount of the 
order of half a second of time, which would be astronomically of high 
importance ] 

* Lord Kelvin, loc cU , § 38 
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and of equilibrium (t.e., long-period) tides can supply, prior to soy hypothesis 
regarding the internal distribution and the effective elasticity or plasticity 
of its materials. 

[Added February 2.—It has been remarked above, after Lord Kelvin, that 
a sudden shift of material from one part of the Earth's surface to another 
would alter the position of the principal axis of inertia round whieh the free 
precession of the Earth’s axis of rotation takes place, and thus cause a sharp 
bend in the path of the Pole. If the shift were merely local, such as an 
earthquake may be expected to produce, the effect would be inappreciable. 
The connection of sharp curvature m the path of the Pole with seismio 
disturbance, if it really exists, would thus be indirect, the earthquake being 
itself started possibly by the slight changes, meteorological or other, of 
distribution of surface load, which are indicated by the disturbance of the 
free precession. 

But it is to be notioed that a submarine seismic subsidence, if uncom¬ 
pensated by adjacent elevation, or moe versd, would be competent to produce 
sensible direct disturbance of the path of the Pole, for water would have to 
flow, in part from distant regions, to fill up the defect of level thus produced. 
The same would be true,for earthquake subsidence near coast lines, if it is 
compensated by rise of the land In reply to an inquiry on this subject. 
Prof Milne writes as follows —"When a very large earthquake occurs on 
land, we find vertical and lateral displacements of, let us say, 20 feet, along 
lines which may be one or two hundred miles m length. The majority of 
big earthquakes, however, are sub-oceanic in their origin, along lines parallel 
to mountain ridges, as, for example, at the bottom of the trough which runs 
parallel to the Andes. The mass movement appears to result in the deepen¬ 
ing of the trough and the rise of the coast line We have measurements 
where depth has increased as much as 200 fathoms* see ‘Brit Assoc. 
Seismic Report,’ 1897, for a number of these measurements” 

An estimate of the effect of such displacements is easily made Thus, 
an uncompensated subsidence of the ocean floor, of volume corresponding 
to a fall of one foot over a thousand miles square, in middle latitudes, 
would produce* a direct shift in the Pole of rotation amounting to about 
one-eighth of a second of arc, and at the same time the Pole of the principal 
axis of inertia, round which the 428-day precession of the axis of rotation 
takes place, would be displaced in the opposite direotioh through an angle of 
the same order of magnitude. 

In oonneotion with the possibility of irregularity in the Earth's diurnal 

* hoe, at., * Monthly Notiow B.A.S., 1 Nor., 1900, p. SO. 
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rotation due to causes of this kind, similar considerations arise.* A slight 
subsidence, due to shrinkage around the equator, unless it extended down¬ 
ward a long way toward the Earth’s centre, would have negligible direct 
effect on the moment of inertia and, therefore, on the length of the day; but 
if it were under sea it would involve transference of water from regions 
nearer the Earth’s axis, in order to make up the deficiency, and if the 
equatorial regions were all under water, a contraction of 50 cm in equatorial 
radius would in this way alter the length of the year by an amount of the 
order of half a second of time, which would be astronomically of high 
importance] 


Notes on Observations of Sun and Stars in some Bntish Stone 
Circles i. Fourth Note.—The Botallek Circles , St. Just, 
Cornwall. 

By Sir Norman Lockyrb, So D, KC B., F B S., director Solar Physics 

Observatory 

(Beceived December 8, 1908,—Bead January 14, 1909 ) 

Borlase,in his “Antiquities of Cornwall’’ (p 199), published in 1769, 
refers to what he terms " the curious cluster ’’ of circles at Botallek, the 
seeming confusion of which led him to write “ I cannot but think that there 
was some mystical meaning, or, at least, distinct allotments to particular 
uses.” 

Fortunately for science, he accompanies his account with a plan evidently 
carefully prepared (fig. 1), which is now the only thing that remains; every 
stone has been utilised in building an engine house, or in other ways. Only 
the site is shown on the ordnance map 

As the " duster ” of circles exceeds m elaboration anything of the kind 
with which I am acquainted, it was of great interest to see if anything could 
be made of it in the light of other researches in Cornwall already referred to 
in previous communications to the Boyal Society.! The first point of 

* Lord Xslvu, be. «t, 8 88. 

t ‘Boy Boo. PtooV A, vol. 76,1906, p. 1771 A, vol. 77,1008, p, 466; A, voL 60,1906, 

p. 086 . 
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inquiry concerned the N point given on the plan—whether it was true or 
magnetic. A perusal of Borlaee’s volume showed that he was fully 
acquainted with the necessity of referring in such descriptions to the true 
north, instead of, as he says, “ such an inconstant and fluctuating index as the 

run'*** SSattHrA Orriu mJ'Jwt 
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'Jp tfSMfrr 

Fio. 1 

declination of the needle, which is not only different in different places, but 
varies also at different times in one and the same plaoe " (p 115). 

When the point was settled, it became evident, when the circles were 
completed and lines drawn from centre to centre, that approximately the 
same asimuths were in question as those before noted. 
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Borlase doee not give the heights of hills for the venous azimuths to 
complete his plan. I therefore asked Mr. Thomas, an active member of the 
Oomish Society for the Astronomical Study of Ancient Monuments, to observe 
them for me Taking Borlase’s orientation as being near the truth, lines 
were drawn joining up the approximate centres of the venous circles and 
a list of the venous azimuths was sent to Mr Thomas, who was good enough 
to comply with my request at once 

Among the azimuthB were two, the first from the approximate centre of 
the oircle F to the approximate centre of E, N 83° £, and the second, from 
the approximate centre of F to that of H, S. 66° £ In sending his results 
to me Mr Thomas remarked that the former hue passes over the Corn Bean 
barrow and the latter passes 2£° to the N of the Goon Bith barrow, thus 
the azimuth of the Goon Bith barrow would be S 63|° E. 

It struck me that this circumstance would enable us to check the accuracy 
of Borlase’s N. point. It is much easier to make a careful survey of 
a monument than to indicate its true orientation, so some slight error has to 
be expected. Borlase m all probability employed a compass in making his 
surveys and was, therefore, dependent^ for accurate orientation, on a 
knowledge of the value for the local magnetic variation, for this he would 
have to depend upon the results of some genefal survey Even at the 
present day it is a matter of great uncertainty to obtain the variation for 
any one place without making a special determination on the spot, and we 
should expect a possible error of several degress in any orientation made in 
Borlase’s time 

The two directions to two still existing monuments pointed out by 
Mr Thomas are common to Botallek and other monuments in Cornwall, we 
seem justified therefore in accepting them as such. On this assumption, 
Borlase’s orientation was true, and not magnetic, and, also, was not far from 
the mark 

The next step was to make a very careful determination of the centres of 
the circles and it was found that the line, centre of F to oentrc of H, 
coincided with the line S. 63° 45' E. from the former to the Goon Bith 
barrow In other words, the difference between the azimuth we had 
provisionally determined from the circles and that of Goon Bith harrow was 
due to an error of centring, and no doubt was left that the line between the 
centres of F and H was really directed to the barrow. Similarly the line 
N. 88° E. joining the centres of F and E was directed to the Cam Bean 
barrow. Both these hues were recognised as familiar, giving, approximately, 
the November aunnae and tbe heliacal ruing of the Pleiades in May 
respectively. In the case of the S.E. azimuth throe is an ataniatove 
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explanation of the Bight-line. Both in Cornwall and Wales we hare found 
that azimuth-markB (barrows, etc), were sometimes erected so that they gave 
the direction of sunrise a fortnight or three weeks before the critical date, 
X therefore decided to adopt the Pleiades azimuth, N. 83° £., as the 
fundamental line by which to fix the N point, and it followed that Borlase's 
N. point was less than 3° to the west. 

Working on this basis, I joined up the centres of the circles, as shown on 
the plans (figs. 2 and 3), and carefully measured the resulting azimuths. 
These I sent to Mr Thomas, asking him if the slight modifications that I had 
introduced had sensibly altered his values for the corresponding angular 
elevations. After a second senes of observations, he replied that the 
elevations were the same for the modified azimuths as they were before. 

It at once beoame obvious that the alignments divided themselves naturally 
into two groups—the one erected for the observations of May-year, the other 
for solstitial, phenomena—and with each group there is associated a clock-star 
which affords a means of determining the approximate date of that group. 
For this reason I give two separate plans (figs 2 and 3) showing the separate 



groups of alignments, and two separate tables giving the respective results 
I will deal with the May-year circles first (fig. 2).— 
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May-year Alignments at Botallek (lat. 50° 8' N). 


Alignment 

Azimuth, 

Hill 

(Hr ThomM’i) 
measures 

Decli¬ 

nation 

Object. 

Date. 


• t 

0 

t 

0 / 



Gentle of circ B to cent 
of circ, H 

K 67OH 

3 

0 

18 81 N 

Hay «un 

May 6| 

Gent* of oirc F to cent 
of oirc H to Goon Kith, 
know 

S 08 451! 

2 

u 

14 48 8 

Hot sun 
(poMibly a 
warner) 

How 8; 
Feb 10 

Cent, of oirc F to cent 
of mro X to Corn Bean 
know 

N B80E 

8 

85 

7 8 N 

Pleiades 
(warning 
Hay inn) 

1880 bo 

Cent of euro H to cent, 
of cm* I 

N S 80 E 

0 

1 

0 

80 14 N, 

Aroturui 
(dock star) 

1780 B.G 


These results agree m a wonderful way with the May-year results previously 
obtained from the study of other Cornish circles, and to illustrate this I bring 
together a selection of the results previously published — 


Similar May-year Alignments in Cornwall (for comparison) 


Monument 

Lat. N 

Alignment 

Azimuth 

a 

Hill 

Decline 

turn. 

Object 

Date 


o / 


o / 

0 f 

o / 



Merry Maiden* 

60 4 

Giro to Fougou 

N 64 OE 

0 80 

18 21N 

May sun 

W 

Nov. a, 
Feb 10 

Bosoawen * Un 

i 

50 6 

if stone 

S 66 80E 

1 0 

14 82 8 

1 

1 

The Hurler* 

60 81 

S. oirc to NX 
stone 

N 78 47E 

0 IS 

7 28 N 

Pleiades 

1010b 0. 

Tnppet atone* 

60 88 

Gent of otto, to 
Bough Tor 

N 15 OE 

1 80 

SO IN 

Aretunu 

1700 b o 


Examination of fig. 2 shows that the azimuths given in the table are exactly 
those obtained by joining up the true centres of the circles and adopting the 
If —S. line denved from Mr. Thomas’s two measures of direction. The results 
certainly justify the 3° change of the orientation. 

The SoltMuU Year, 

Joining up the centres of H, G, D, and C, as shown m fig. 8, we obtain the 
results given in the following table, results whioh are obviously connected 
inter te and with the solstitial year:— 
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Solstitial Alignments at Botallek (lat. 60° 8' N.). 


Alignment 

AsunntH, 

Hill 

(Hr Thomae’i) 

Deoli* 

notion 

Object, 

Pete. 



measures 





o t 

o t 

0 / 



Cent of oirc H to cent 

N 68 OK 

1 45 

88 41 N 

Solstitial sun 


of owe C 

Cent of cure D to cent. 

S 40 80S 

1 35 

88 44 S 

(summer) 
Solstitial sun 


of ore* 0 

Cent, of eire H to oent 

N 16 OB 

0 0 

87 88 N 

(winter) 

Arcturus 

14S0M 

of small ciro O 




(olook-stor) 




As before, I give a seleotion from previous results, showing that the 
alignments we are now dealing with have become familiar by reason of their 
occurrence at the Cornish monuments investigated earlier :■— 


Similar Solstitial Alignments m Cornwall (for comparison) 


Monument 

Lat 

N. 

Alignment 

Asimuth. 

HilL 

Decima¬ 

tion. 

Object. 

Date 

Boeeawen-tTn * 

The Hubert , 

Twgoseal 

a / 

50 5 

50 31 

50 0 

Giro, to Fine Menhir 

K are to SB, stone 

Longstone to OhAn 
Castle 

0 t 

N 58 80 B. 

S 60 50 B, 

K 28 80B 

• / 

2 18 

X IS 

1 85 

0 t 

28 58 K 

24 17 fl. 

27 OK 

Solstitial sun 

Solstitial tun 
(winter) 
Awturus 

18501.0. 
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It will probably be remarked that I attach no dates to these solstitial 
sight-lines. This is because the data available are not sufficiently certain to 
justify dating. The solstitial variation takes place so slowly and between 
such restricted limits that, until the most aoourate observations posable have 
been made at a monument, it is merely conjecture to apply a date, only at 
'Stonehenge, so far, has this been possible. Under the Botallek conditions, 
a difference of half a degree in the azimuth would produce a variation of 
Snore than 2000 years m the resulting date, and one cannot assume that 
accuracy in the present case. 

i From the results given above it is evident that in this “ curious duster ” 
of circles at Botallek we have an epitome of the chief Bight-lines found in 
Cornwall. May-year sun, dock-star, warning-star, and solstitial sun are all 
represented. 

The occurrence of star circles is fortunate, as it enables us to attempt to 
arrange the groups in order of date. As shown above, the May-yeai group, 
F, H, B, and £, with the clock-star oircle I, was probably the first, by 
something like 300 years, to be erected, and it should be noted that the 
date for the Pleiades circle E is coincident, within our probable error, with 
the date of the dock-star alignment H—I. 

Borlase’s plan (fig. 1) affords us evidence on this* point, for it shows that 
the circles F, H, and I are associated by being made up of two concentric 
rings of stones. The fact that stones were obviously taken from the 
periphery of E when D was built shows that B, too, was an earlier oirde 
than D, our results associate E with the May-year and D with the solstitial 
group. The incompleteness of B suggests partial demolition pnor to 
Borlase’s survey, whitet its relatively smaller size suggests that what 
remains may have formed the intenor ring of a double cuds. 


Conclusions 

The duster of drdes at Botallek, St. Just, Cornwall, was erected for 
astronomical observations, and forms an epitome of the principal alignments 
to sun and stars previously found in Cornwall and other parts of the 
British Isles The redhlts justify the azimuths obtained from Borlase’s plan 
and show that his onentation of the plan u not more than 3° in error 

It appears that in this duster we have two distinct groups of alignments, 
one associated with the May-year worship, the other associated with the 
later solstitial-year ntual. 

As a dock* star alignment occurs m each group, we are able to determine 
that the May-year worship preceded the solstitaal-year by something like 
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300 years, the approximate dates being 1700 B.o. and 1400 aa respectively. 
This sequence is confirmed by the structure of the circles themselves as 
plotted by Borlase. 

I have to thank Mr. Thomas for hiB local observations, and Mr. Bolston, 
of the Solar Physios Observatory, for assistance in the discussion and com¬ 
puting the various deolmations. 


On the Passage of Rontgen Rays through Gases and Vapours. 

By J A Crowthek, B A, Fellow of St. John’s College, Cambridge, 
Mackinnon Student of the Royal Society. 

(Communicated by Prof. Sir J J Thomson, F R S. Received December 22,1908, 

—-Read January 14,1909) 

* Introduction. 

The present work is a continuation of a previous research on the 
Secondary Rontgen Radiation from Oases and Vapours* It was there 
shown that while for gases and vapours containing only elements of small 
atomio weight the secondary radiation was simply proportional to the 
density of the gas, those containing elements of higher atomio weight, and 
notably compounds of arsenic and bromine, gave off quantities of secondary 
radiation greater out of all proportion than what would be expeoted from 
their density. It was also Bhown that while the secondary radiation from 
the first class of substances had approximately the same penetrating power 
as the primary rays producing it, the secondary radiation from the second 
class was generally of a considerably softer character A third class of 
substanoes, including Btannio chloride and methyl iodide, gave off secondary 
rays, the hardness of which was equal to that of the primary, while their 
intensity, which, however, varied with the hardness of the primary rays, was 
intermediate between that of the first and second classes 
It was thought that a further investigation of the phenomena attending 
the passage of Rontgen rays through these different desses of gases and 
vapours might possibly lead to some interesting results. 

* ‘Phil Mag,' [SJ, voL 14, p. 60S, 1907. 
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The phenomena which it was proposed to measure •were.— 

( 1 ) the absorption of the primary rays by the gas, 

(li) the ionisation produced m the gas by the passage of the rays; 

(m) the secondary radiation given out by the gas. 

Of the first two quantities, determinations have already been made by 
various experimenters, for some of the commoner gases and a few vapours. 
Thus Butherford,* in the early days of X-ray work, measured both the 
coefficients of absorption and the relative ionisations of Borne dozen different 
substances In addition to this, determinations of the relative ionisation in 
different gases and vapours have been made by Pemn,t J J Thomson^ 
Strutt,§ McClung,il and EveH Many of these measurements, however, 
were made without any care being taken to prevent the Bontgen rays from 
falling on the sides of the ionisation chamber and on the electrodes them¬ 
selves. Under such cireumstances, as we shall show later, a large proportion 
of the ionisation m the gas is due, not to the X-rays themselves, but to soft 
secondary /9-radiation from the material of the walls and the electrodes 
The amount of this secondary lomsution will depend upon the material and 
construction of the vessels used Since the 6oft /8-radiation is practically 
totally absorbed in the gas, its effect is m every case,to add a nearly constant 
amount to the ionisation produced by the Bontgen rays, and thus to reduce 
the apparent relative ionisation, in gases which are more ionised than air. 

The experiments of Prof Thomson, and of McClung, which were free 
from this objection, unfortunately did not include the gases whose behaviour 
it was most desired to study Moreover, as the expenments of the latter 
conclusively showed, the relative ionisation of any gas compared with air is 
not a constant, but depends upon the nature of the X-rays employed As 
there is at present no very satisfactory way of standardising Bontgen rays, 
01 of comparing results obtained by different observers, it was felt that the 
only possible way of obtaining a Bet of comparable results was to determine 
the whole of the quantities concerned at the same time and with the 
apparatus. 

Apparatus 

The apparatus employed was, m the mam, the same as that used in the 
previous experiments, and described m detail in the previous paper, certain 

* Rutherford, ‘ Phil Mag [V], 43, p £41,1397. 
t * Ann de Chume et de Phya.,’ [7], vol 11, p. 430,1897 
| *Camb Phil. Soo Proo,' vol 10, p. 10,1900 
§ ' Roy. Hoc. Proa,’ voL 73, p. 809, 1908. 

|| ‘Phil Mag, 1 [0], vol 8, p 357, 1904. 

5 ’Phil Mag,' [01, vol 8, p 610,1904 
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alterations and additions being made to allow of the measurement of the 
ionisation and absorption in the gas, m addition to the secondary radiation 
The gases, as before, were contained m two similar brass boxes A, A' 
(fig 1) arranged symmetrically with respect to the focus tube F The rayB 
enter by the thm aluminium windows e, c’, and a portion of the secondary 
rays pass upwurds through aluminium windows d, d' into two cylindrical 
ionisation cliarntiers B, B' 



A portion of the primary beam, after traversing the length of the box, 
passes out through a third aluminium window e, as is shown in the plan of 
the apparatus given m fig 2, and is measured in the ionisation chamber P 
The amount of absorption of the rays in the gas can thus be determined 
To detennine the ionisation pioduced m the gas by the passage of the rays, 
electrodes were inserted in the gas chambers A, A' themselves In order 
to avoid intercepting any primary rays, these took the form of parallel plates 
of aluminium r, t, r\ s' placed at opposite Bides of the boxes, and outside 
the path of the primary rayB The electrodes were insulated from the walls 
of the boxes (which were eaithed) by quartz tubes, the joints being made 
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air-tight with sealing wax, and, except in the case of one or two vapours 
when near their saturation pressure, no trouble was experienced from 
insulation leaks The plates «, «' were charged to a high potential by 
a battery of storage cells; the others, r, r' which were surrounded by earthed 
guard rings, were connected to a Wilson electroscope. The whole of the 



apparatus was made in duplicate, one of the boxes being filled with air and 
kept as a standard The different ionisation chambers were connected in 
pairs to three Wilson inclined electroscopes, each chamber in the one set 
being connected, together with its duplicate in the other, to a separate 
instrument. By means of highly insulating keys, which could be operated 
from a distance, it was arranged that either the test chamber, or the 
corresponding standard, could be connected at will with the electroscope 
By measuring the current through first one and then the other, the ratio of 
the ionisation m the test chamber to that in the standard could be accurately 
obtained For a Wilson electroscope, where the zero and the sensitiveness 
are both liable to fluctuation, this method of comparing two ionisation 
currents is both more convenient and more accurate than the use of two 
separate instruments. 

The appliances for measuring the pressures in the two chambers, and for 
introducing the various gaseB and vapoun, were the Bame as those employed 
in the previous paper, and fully described there. The various connections 
and keys were shielded from induction effects in the usual way, by earthed 
metal tubes. * 
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Experiments 

The actual experiments were performed m various ways, according to the 
nature of the observations which it was desired to make At least one set 
of experiments was made with each substance m which simultaneous 
readings were made of the relative ionisation, coefficient of absorption and 
secondary radiation, so as to avoid all possibility of any difference m quality 
of the rays employed In other cases, when some particular point was to be 
investigated, as, for example, the variation of the relative ionisation with 
pressure, it was found more convenient to make the desired observations by 
themselves, the quality of the rays being regulated by the length of the 
spark gap, which was just sufficient to extinguish the bulb 

In practice it was found that, using the same coil and the same Bontgen 
bulb, this control was quite sufficient, and readings oould always be repeated 
by bringing the bulb back to the same equivalent spark gap It was not 
found possible, however, to compare the hardness of different bulbs by this 
method, as two bulbs having the same equivalent spark gap would give out 
rays of apparently very different character In order to afford some idea of 
the meaning of the different values given in tins paper for equivalent spark 
lengths, it may be mentioned that X-rays began to be given out m 
appreciable quantity when the equivalent spark gap was about 0 6 cm At 
thiB stage the whole bulb was filled with a bluish glow This glow 
disappeared when the equivalent spark gap had increased to about 12 or 
13cm, and the green phosphorescence of the walls was then alone visible At 
an equivalent spark gap of about 2 6 to 2 8 cm the coil (a large Budge ooil 
working with a hammer break) ceased to send any discharge through 
the bulb 

Ionisation and Pressure 

The ionisation produced m a gas by the passage of Bontgen rays, in the 
absenoe of any secondary radiation, should be proportional to the mass of 
the gas present, that is, if the temperature is constant, to the pressure of the 
gas. On the other hand, as was shown in the previous paper in the cases of 
air and carbon dioxide (and has since been confirmed for the more powerful 
radiators), the energy of the penetrating secondaiy radiation is also simply 
proportional to the pressure of the gas, and thus the ionisation produced by 
it m the radiating gas itself should be proportional to the square of the 
pressure. 

We should expect that any soft secondary radiation which might be 
emitted would follow the same law, so long as it was sufficiently penetrating 
tc^ reach the walls of the gas ohamber. If, however, owing to the softness 
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of the radiation, the distance ot the boundaries, or the pressure of the gas, 
the radiation was totally absorbed in the gas before reaching the boundaries, 
the ionisation produced by it would depend solely on its intensity, te, it 
would be simply proportional to the pressure, and the whole ionisation 
in the gas would again follow a simple pressure law Neglecting, for the- 
moment, the penetrating secondary radiation, we should expect that if any 
soft secondary radiation were present the ionisation in the gaB would', 
at high pressures, be simply proportional to the pressure Then, as the 
pressure was reduced, and the absorption of the rays m the gas became less 
and less, a point would be reached when the secondary rays began to reach 
the electrodes, and the ionisation would then vary more rapidly than the 
pressure Experiments were made with various gases to test these 
conclusions. 

The electrodes in the gas chambers were placed some distance from the 
front window in order to avoid the soft secondary radiation from the- 
aluminium The rays had thus to pass through a certain thickness of gas 
before reaching the electrodes, and a certain amount of absorption occurred 
Knowing, however, from other measurements, the coefficient of absorption of 
the gas for the rays, it was easy to calculate the amount of this absorption, at 
any given pressure, and to apply the necessary correction This has been> 
done in all cases, in the results given below 

The first observations, made with the electrodes at opposite sides of the 
gas chamber, failed to reveal any departure from a simple pressure law It 
was thought, however, that this might bo due to the secondary rays being so- 
soft as to be unable to penetrate to the boundaries of the gas, even at the 
lowest pressures used. The distance between the plates was, theiefore, 
reduced to 6 mm, the primary beam being limited by a lead slit 
1*2 mm wide, so that the rays still passed between the plates without 
striking them With this arrangement, a penetration of only 2 mm would, 
have sufficed to allow some of the soft secondary rays to reach the boundaries 
of the gas 

Some of the curves obtained are shown in fig 3 For convenience in 
representation, the ordinates, in the case of methyl iodide, have been 
considerably reduced The curves obtained for ethyl bronude and methyl 
iodide at low pressures are shown ou an enlarged scale m fig 3 a. It will 
be seen that although experiments were made with air down to a pressure of 
10 mm., and with methyl iodide and ethyl bromide with pressures as low as 
0*7 mm and 0 2 mm respectively, the curves obtained are perfectly straight 
(except in so far as the curve for ethyl bromide is influenced at high 
pressures by the ionisation due to the penetrating secondary Bfint^pxk 
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radiation), and there is no evidence of any departure from a simple pressure 
law The experiments were repeated with ethyl chloride and methyl 
bromide with similar results. We must asBnme, therefore, that the soft 
secondary radiation from a gas is either too absorbable to penetrate 2 mm of 
the gas even at these low pressures, or as on the whole seems more probable, 
that the ionisation produced by it, compared with that due to the direct 
action of the primary beam, is too small to have any appreciable effect on 
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the shape of the curves In this case the bulk of the ionisation in a gas 
must be due to the direct action of the primary rays 
It is well known that when Rontgen rays fall upon a solid body they cause 
it to emit soft secondary rays m very appreciable amounts. Unless tbe action 
of the Rontgen rays upon the gaseous moleoule differs very materially from its 
action upon the molecule in the solid state, the above result would appear to 
show that the soft secondary ionising radiation emitted by solids only 
represents a very small part of the whole effect of the primary rays, the 
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bulk of the secondary rays, that is to say the portion which in a gas mamfssU 
itself as direct ionisation, being too soft to ionise. . 

The penetrating secondary radiation is in most cases too small in amount 
to make sny appreciable alteration in the ionisation pressure curves. 
Barkla* has shown that the energy of the secondary radiation from a cubic 
centimetre of air at atmospheno pressure is only about 0 00024 that of the 
primary beam. Taking this value as approximately correct, we see that even 



— Pressure - . 

Fio 3a —Ionisation—Pressure Low Pressures. 


m the case of ethyl bromide, which gives the maximum amount of radiation 
of any of the gases employed, the energy of the secondary radiation at a 
pressure of 160 mm of mercury is only about 3 per cent, of that of the 
primary beam. Since the secondary is in this case about three times as 
absorbable as the primary beam, the amount of secondary ionisation should 
be about 9 per cent, of that produced by the primary rays at the pressure 

• ‘Phfl. Mag.,' [6], to). 7, pegs 543,1004. 
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named It is evident, therefore, that for air, carbon tetrachloride, or even 
methyl iodide, it would be quite inappreciable 
On turning to fig 3, it will be seen that the upward tendency in the 
ionisation-pressure curve for ethyl bromide is quite marked, and from the 
magnitude of its departure from a straight line, it is easy to deduce that at 
a pressure of 160 mm of mercury, the ionisation due to the secondary rays 
is about 16 per cent of that due to the primary As the secondary rays, 
being scattered in all directions, traversed the whole of the gas between the 
electrodes, while the primary beam, m order to avoid any possibility of its 
striking the electrodes, was only allowed to pass through the central portion 
of the gas, the agreement is sufficiently satisfactory 

Absorption of the Primary Bays 

When Rontgen rays pass through a gas they are more or less absorbed by 
it In order to measure this absorption it is necessary and sufficient to find 
the ratio of the ionisation current through P' to that through P when the gas 
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chamber A' is, first, evacuated, and, second, filled with (he gas under observa¬ 
tion The first gives a measure of the initial intensity Io of the beam; (he 
second the intensity I after passing through the gas 

Experiments were made with the different gases at different pressures, and 
the values thus obtained for log 10 1/Io are plotted against the pressures 
in fig 4 

The amount of absorption was found to vary considerably with the hardness 
of the rays, and a certain amount of difficulty was expenenced in keeping the 
bulb quite constant during a long senes of readings It will be seen, however, 
that within the limitp of experimental error, the curve obtained is m every 
case a straight line The law of absorption is, therefore, exponential and 
may be wntten 

I/I 0 » 

where p is the pressure of the gas, 

7 r is the normal atmospheric pressure, 
d the distanoe traversed by the rays in the gas, and 
X a constant which we may call the coefficient of absorption of the 
rays for the gas 

The values of X for the different gases employed are given for soft and hard 
rays, in the third and fifth columns of Table I 
With the apparatus employed, it was not found possible to measure the 
coefficients of absorption of air, hydrogen, or oarbon dioxide, as the amount 
of absorption of the rays m the length of the box (20 cm ) was too small to 
be appreciable It certainly was not more than 2 or 3 per cent, and this 
was practically within the limits of experimental error In view of the very 


Table I 



Soft rays 

Hard rays 

Secondary 

radiation 

Relative 

density 


Relative 

ionisation 

X 

Relative 

ionisation 

X 

Air 

oS, 

CHj.OOfOB, 

§ 4 “ . 

0H.Br 

GHJ 

Hg(OH*), 

■a 

0 OS 
0*044 

0 24 

0 20 

0 00 

0 29 

0 30 

1 16 

1 00 

0 18 

1 40 

8 *00 

17 8 

71 

07 

118 

125 

0*005 

0*022 

0*06 

0 186 

0 14 

0 16 

1 00 

0 12 

1 54 

2 72 

8 2 

8*6 

8 1 

217 

216 

41 5 

1*00 

0*07 

1 58 

2 57 

2*24 

5 85 

5*00 

8 78 

8*80 

4*06 

7 08 
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peculiar behaviour of hydrogen with regard to ionisation by Bontgen rays> 
which will be described later, it would be very interesting to have a measure 
of the absorption of hydrogen for rays of varying quality, and it is hoped to 
make some experiments on this point in the near future 

Relative lomsation tn Different Gases 

In calculating the relative ionisations for different gases, air was taken as 
the standard, and all other gases and vapours were compared with air at the 
some pressure Writing A' and A for the ionisation currents across the two 
gas chambers, the ratio of the values of A'/A when A' is filled hrst with the 
gas under observation, and then with air at the same pressure, gives the value 
of the relative ionisation for the given gas compared with air 

As pointed out in a previous part of the paper, the values thus obtained 
have to be corrected for the absorption of the rays in the gas before reaching 
the electrodes When the ionisation due to the penetrating secondary 
radiation from the gas is appreciable, as in the case of ethyl bromide, this 
has also been corrected for 

It may be mentioned, in passing, that it was found very difficult to 
“ saturate " the current through the more lonisablo gases, 120 to 150 volts 
per centimetre being required to produce even approximate saturation for 
ethyl bromide or methyl iodide at pressures of 250 mm In order to attain 
saturation without applying too high a potential, the electrodes m the vessel 
A' were approached to about 2 5 cm apart, the primary beam being limited 
as before by a lead slit to prevent the rays from falling on either electrode. 

The values obtained for the relative ionisation, for soft and hard rays, are 
given in the second and fourth columns respectively of Table L For pur¬ 
poses of comparison, the amount of secondary radiation, relative to air, is 
given in the sixth column of the same table, while the seventh contains the 
relative densities of the different substances 

It is at once evident that there is no dose connection between the 
ionisation and the secondary radiation The former, for example, appears to* 
increase more or less uniformly as we pass to compounds containing elements 
of higher and higher atomic weight, the maximum ionisation occurring m 
mercury methyl, the ionisation m which is over 400 tunes that in air The 
secondary radiation, on the other hand, reaches a maximum in the neighbour¬ 
hood of bromine, ethyl bromide giving off the largest amount of secondary 
rays of the gases included m Table I For ethyl bromide and methyl iodide, 
the values obtained depend upon the quality of the rays employed, and we 
ah att consider them in more detail further on 

I 2 
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Prof Thomson has suggested that the relative ionisation m a gas is an 
additive property, depending only on the number and nature of the different 
atoms present The values given m column 2 of Table I enable us to test 
this suggestion Using carbon dioxide, air, ethyl chloride, and methyl 
bromide, together with the value for hydrogen, we obtain, on this assumption, 
the following values for the ionisation per atom m the different elements 
concerned —[H] = 0 005, [0] = 0 55, [C] = 0 46, [Cl] = 17 0, [Br] = 70*5 
Using these values, we can now calculate the relative ionisation of methyl 
aoetate, carbon tetrachloride, and ethyl bromide The results are contained 
m the following table — 

Table II 



Relative ionisation 


Calculated 

Observed. 

CHjOO s CU a 

2 62 

4 96 

COI 4 

CgH|Br 

CS 4 

67 3 

j 71 6 

72*6 


It will be seen that the agreement is good for»carbon tetrachloride and 
ethyli bromide, but not very satisfactory foi methyl aoetate It appears, 
therefore, that the ionisation is not altogether independent of the state of 
combination of the element and the complexity of the molecule Assuming, 
however, that the law is approximately correct, »e obtain from the results 
m Table I the further values [Ni] = 86, [1] = 144, [Hg] m 424 It will be 
noticed that, with the exception of nickel (which for soft rays gives a some¬ 
what larger value than bromine), the relative ionisation increases Bteadily with 
the atomic weight. 

If we repeat the calculations, using the values obtained with the harder 
rayB, we obtain similar results The discrepancy in the case of methyl 
acetate is, however, in this oase considerably less, the calculated value of the 
ionisation being 2 81, the observed value 3 90, and possibly with still harder 
rays the effect of the complexity of the molecule might disappear altogether 

Vanatum of the lonisatton mth the Hardness of the Rays 
The variation m the relative ionisation due to change in the quality of the 
ionising Ebntgen rays has been previously investigated by McClung* for 
hydrogen, oxygen, carbon dioxide, and sulphur dioxide 
His results are contained m the following table — 

• McClung, 'Phil Mag,’ [«J vol 8, p. 867,1004. 
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Table III 



Relative lonuataon 


Soft rays 

Hard ray*. 

Air 

1 0 

1 0 

H, 

0 10 

0 18 

O, 

1 80 

1 IT 

00, 

1 46 

l 38 

SO, 

11*0 

4 8 


Comparing these figures with those given in Table I, it will be seen that in 
the cases of the two gases common to the two tables the results are m general 
agreement The relative ionisation of hydrogen increases with an increase 
in the hardness of the rays, while that of carbon dioxide diminishes The 
value obtained for the relative ionisation of hydrogen for hard rays in the 
present experiments coincides with that obtumed by McClung The value 
for soft rays is only about one-tenth of the smallest value he obtained, but it 
is comparable with the value 002C obtained by Pemn * The rays in 
McClung's experiment entered his apparatus through a recessed aluminium 
plate, which muBt have tfacn considerably thicker than the thin foil (0 05 mm. 
thick) used for the windows in the present experiments It is probable, 
therefore, that the very soft rays which give these very small values for the 
ionisation of hydrogen were unable to penetrate into his ionisation chamber, 
being praotically all absorbed by the aluminium of the window 
Table IV has been drawn up to show m more detail how the relative 
ionisation of the hydrogen vaneB with the hardness of the rays, the hardness 
being represented, as usual, by the length of the spark gap, which is just 
sufficient to extinguish the bulb 


Table IV —Hydrogen 


Equivalent spark gap 

Relative ionisation 

mm 


8 

0*010 

12 

0-018 

14 

0*081 

16 

0-068 

18 

0 107 

20 

0 138 

24 

: 0 162 

28 

0 180 


* Pemn, 'Ann de Ohraue et de Phyevol 11, p. 488,1897. 
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These figures are represented graphically by the curve drawn in fig 5 It 
will be noticed that the rate of increase is particularly rapid as the equivalent 
spark gap increases from 14 to 18 mm 
Although not so noticeable as m the case of hydrogen, it will be seen from 
Table I that the relative ionisation of ethyl bromide alBO increases as the rays 
get harder Ethyl chloride and carbon tetrachloride remain practically 



constant, while methyl iodide and methyl acetate show a decided decrease as 
the hardness of the rays increases. 

During the progress of the above experiments my attention was somewhat 
forcibly directed to the necessity for avoiding any contact between the 
Bbntgen rays and the electrodes in all measurements of the relative ionisation 
produced by these rays in different gases. Having had occasion to remove 
the gas chamber A! to make some necessary repairs, I found on replacing it 
that the values now obtained for the relative ionisation were considerably 
smaller than before For example, the value for ethyl bromide was reduced 
from 72 to 29, and that for methyl iodide from 145 to 64. This discrepancy 
was finally found to be due to the fact that, owing to the vessel A' having 
been replaced slightly out of adjustment with respect to the focus tube, the 
Bdntgen rays no longer passed centrally down the vessel, but just grazed one 
of the electrodes. 
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Townsend* and other observers have shown that when Bontgen rajs fall 
on a metal plate they cause it to emit soft secondary radiation, consisting 
principally of soft /9-radiation, which from its very absorbable nature, pro¬ 
duces m the neighbourhood of the plate an amount of ionisation fax 
exceeding that due to the primary rays themselves The effect of the 
secondary radiation on the relative ionisation m different gases is not 
difficult to see. If the pressure of the gas is so high that the secondary 
rays are totally absorbed before reaching the boundaries of the vessel, 
then, since the total ionisation produced by these rays is not very different 
in different gases, the effect will be xn every case to add a practically 
constant amount to the ionisation produced by the primary beam, and thus 
to reduce the apparent relative ionisation in every gas for which the relative 
ionisation is greater than unity On the other hand, since the relative 
ionisation produced in different gases by /8-radiation is very nearly pro¬ 
portional to the density, if the rays are not totally absorbed by the gas, the 
result will be in this case to odd on amount, proportional to the density, 
and thus to bring the apparent relative ionisations more nearly into acoord 
with a density law In either case there would be a large reduction w the 
values obtained for the relative ionisation of such vapours as methyl iodide, 
ethyl bromide, or carbon tetrachloride, compared with air 

By turning the vessel A' with respect to the focus tube, so as to allow a 
larger proportion of the primary beam to impinge on the aluminium 
eleotrode, the values obtained for the relative ionisation of ethyl bromide 
compared with air was further reduced, first to 10 and finally to 3 62 This 
is very nearly equal to the relative density of the gas Under these 
circumstances, the pressure-iomsation curve is no longer a straight line, 
but bends over towards the axis of pressure, as shown in the curve in fig 6, 
which represents the results obtained for air, with the primary beam grazing 
one of the aluminium electrodes 

These results throw considerable doubt upon some results of Evef on the 
relative ionisation produced by very penetrating Bontgen rays, in which be 
obtained values for the relative ionisations in various gases and vapours 
agreeing veiy nearly with a density law. In these experiments the gases 
were oontamed in a cylindrical ionisation chamber of brass with an insulated 
central wire connected to a gold-leaf electroscope In this system the 
central wire forms one electrode, the walls of the cylinder the other. As 
the rays were passed into the chamber straight through the walls of the 
vessel, it will be seen that they thus impinged directly on both electrodes 

* <Gamh Phil Soo Proc.,’ vol 10, p. 217,1899 

+ Eve, ‘Phil Msg[6], vol 8, p, 610,1904. 
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The conditions were thus favourable for the production of a large amount 
of secondary ionisation, and its presence is clearly shown by die shape of 
the curves connecting ionisation and pressure, which are given in Eve’s 
paper These are similar to the curve given in fig 6, which represents the 
relation between ionisation and pressure for air when the rays are allowed 
to fall upon one of the electrodes Eve further states that “ the portion of 
the curve between 18 and 50 mm [pressure] was found to be a straight 



Fio 6. 


Pressure 


line, and the readings for the gases used were taken between these limits.” 
A little consideration will show that it is just in these earlier portions of 
the curve where the amount of the secondary ionisation compared with that 
of the primary has its largest value It is only when the pressure is high 
enough to produoe a total absorption of the secondary rays that the slope 
of the ionisation-pressure .curve assumes the value proper to the primary 
Bontgen rays. The curve then has the form 

I m I # +I B.p, 
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where I is the ionisation in the gas, I, the ionisation produced by the total 
absorption of the seoondary rays from the walls of the chamber, and I* p 
represents the ionisation produced by the direct action of the primary rays, 
which, as has been shown above, is proportional to the pressure p From 
the Bh&pe of his curves there can be little doubt that, at the lower pressures 
used by Eve, the ionisation was very largely due to secondary radiation from 
the walls of hia vessel, and that consequently the values given by him m 
his table refer not to penetrating Rontgen rays, as he supposes, but to the 
Boft secondary rays excited by them m the material of his chamber, that is, 
in the main, to soft /9-rays 

There is no evidence that the ionisation produced by penetrating Rontgen 
rays in different gases follows a density law Drawing tangents to Eve’s 
curves for H s S and air, at the highest pressures given, where, as shown above, 
we get an approximation to the true slope for the primary rayB, we find the 
value 4 for the relative ionisation of these two gases, as against 0 9 given 
in Eve’s table 

Eve was not unaware of the presence of much secondary radiation in his 
experiments He states that “ with Rontgen rays there was abundant 
evidence of secondary and tertiary radiation," and found that lining the 
brass cylinder with sheet aluminium 0 85 mm thick reduced the ionisation 
current from 100 to 22 With the chamber thus lined he repeated his 
original experiments, and obtained values agreeing with his previous ones, 
and concludes from this that “ there cannot be any wide divergence between 
the relative conductivities from pnmary and secondary rays * 

The results obtained during the present experiments with the rays 
sinking on the aluminium electrodes show, however, that even aluminium 
gives off amply sufficient Boft secondary rays to entirely mask the effect of 
the primary ionisation, and that the similarity between the results obtained 
with the brass, and with the aluminium plated walls, was due not to any 
similanty between the primary and the secondary rays, but owing to the 
ionisation produced by the direct action of the pnmary rays being so small 
compared with that due to the secondary as to be practically negligible m 
both cases 

Laby and Kaye* have recently shown that when 7 -rays axe passed into 
a gas through the walls of the containing chamber the ionisation in the gas 
is due almost entirely to the /S-radiation from the metal of the walls. The 
similanty between the results obtained by Eve for penetrating Rontgen 
rays and for 7 -rays would thus appear to be explained by the fact that in 


* ‘PhU Mag./ December, 1908, p. 879. 
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both oaaes the bulk of the ionisation was due, not to Rontgen rays or 
7 -rays, but to secondary ^8-rays from the walls of the containing chamber. 

The results of the present experiments on the variation of relative 
ionisation with the hardness of the rays certainly do not seem to indicate 
any approximation to a “ density law,” suoh as Eve suggests, as the rays 
become harder. Among the lighter gases, as McClung’s results also showed, 
the value for hydrogen increases with the hardness ot the rays to a value 
•considerably above that given by the relative density, while, on the other 
hand, the value for oarbon dioxide, which for soft rays is nearly normal, 
falls below that to lie expected on a density law as the hardness of the rays 
increases Again, among the more unusable gases and vapours, although the 
.relative ionisation of methyl iodide, compared with air, decreases as the 
rays become harder, that of ethyl bromide shows, on the other hand, a very 
perceptible increase, while the values for ethyl chloride and carbon tetra¬ 
chloride remain practically constant 

Secondary Radiation 

Variation of Secondary Radiation vnth the Hardness of (he Rays 

The amount of the secondary Rontgen radiation from different gases and 
•vapours was investigated in the previous paper,* and the results there 
described have been verified in the course of the present experiments. Some 
•additional observations have been made, which it may be of interest to 
record 

It was shown that for most gases and vapours the amount of secondary 
Tsdiation given off when compared with that from air remained sensibly 
•constant over the range of primary rays employed For stannic chloride and 
methyl iodide, however, there was a distinct increase, with increasing 
hardness of the primary rays It was thought of some interest to investigate 
this matter further 

Accordingly a comparison was made between the relative amounts of 
secondary radiation emitted by air, ethyl bromide, and methyl iodide for 
•different degrees of hardness of the primary rays The results obtained are 
given m Table V. The first oolumn of this table gives the hardness of the 
Tays used, as measured by the equivalent spark gap of the focus tube, the 
second oolumn gives the amount of secondary radiation from ethyl bromide 
•compared with that from air, the ratio for the softest rays being reduced to 
•unity to facilitate comparison, the third column gives, in the same way, the 
ratios for methyl iodide and air, and the fourth the ratio for methyl iodide 

* ‘PhiL Mag,' [«], vol. U, p. 6S3,1907 
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compared with ethyl bromide, oaloulated m the same way In the fifth 
column the relative ionisation of methyl iodide compared with that of ethyl 
bromide is given for the sake of comparison, the ratio for the Boft rays having 
been reduced to unity, as m the other columns 


Table V 


Equivalent spark 

Secondary radiation 

Relative 

ionisation 

GH|l/C)H|Br 

gap 

OjHjBr/Air 

CHgl/Air 

OH.I/GgHftBr 

mm 

8 

1 00 

1 00 

1 00 

1 00 

14 

1 00 

1 27 

1 27 

— 

18 

0 98 

1 00 

1 08 

— 

22 

0 91 

2*08 

2 28 

— 

. 26 

0 80 

2 42 

8*03 

0 52 


All the values given have been coirocted for the absorption of the primary 
rays in the gas, and fur the absorption of the secondary fays by the 
aluminium of the window d The latter correction was not necessaiy in the 
case of methyl iodide and air, which give out rays of approximately the same 
penetrating power It was, however, necessary in the case of ethyl bromide, 
where the secondary radiation is considerably softer than that given out by 
either air or methyl iodide 

A reference to Table V will show the general nature of the results 
obtained It will be seen that the amount of secondary radiation given off 
by ethyl bromide compared with air is practically independent of the 
hardness for soft and moderately hard rays, that ib for rays with an 
equivalent spark gap of between 8 and 18 mm. For very hard rays, however, 
there is a distinct diminution in the values obtained, the ratio for the hardest 
rayB used being 20 per cent less than that for softer radiation 

For methyl iodide, on the other hand, as was noted before, the amount of 
secondary radiation, compared with that from air, shows a rapid increase, 
with an increase m the hardness of the rays, the ratio for hard rays being 
nearly times that for the softer radiation 

Comparing, now, methyl iodide with ethyl bromide, we see that the relative 
amount of secondary radiation given out by the former compared with that 
given out by the latter is trebled as the equivalent spark gap increases from 
8 mm to 26 mm. On the other hand, the ratio of the ionisations in the two 
gases decreases to about half Since the radiation from ethyl bromide is 
greater than that from methyl iodide, while the relative ionisation is less, the 
effect of this double obange is to bring these two vapours more nearly into 


122 Mr J A Growther On the Passage of [Dee. 22, 

agreement with each other as the hardness of the rays increases. They give, 
however, no evidence of approximating to the lighter gases, such, far example, 
as air or carbon dioxide 

Absorbability of the Secondary BaduUwn. 

The absorbability of the secondary radiation from gases containing only 
elements of low atomic weight is similar to that of the primary producing it. 
Beatty,* who has made some careful experiments on the secondary radiation 
from air, concludes that even for air there is evidence of a certain amount of 
transformation of the very penetrating rays into a slightly softer type of 
radiation The effect is, however, very small, and the general statement 
made above certainly holds to within a few per cent The rayB from methyl 
iodide and stannous chloride are also of the same type as those from air. 
From ethyl bromide, on the other hand, we get radiation of a much Bofter 
character, the coefficient of absorption for tm foil being nearly three times 
as great foi the secondary as for the primary. It was thought interesting to 
see if the ratio of the two coefficients had the same value for the absorption 
of the rays by the gas itself, as foi absorption outside the gas, bj tin foil 

No direct experiments have as yet been made on this point, but some 
experiments, which were made on the variation of tlfe amount of secondary 
radiation emitted, with variation in the pressure, allow at any rate a rough 
calculation to be made of the coefficient of absorption of the secondary rays 
in the gas itself 

The experimental curve connecting the amount of secondary radiation 
from ethyl bromide with the pressure is given m curve I, fig 7 It will be 
seen that it bends over considerably towards the axis of pressure. Now it 
has been shown in the previous paper that where there is no appreciable 
absorption, the amount of secondary radiation emitted is simply proportional 
to the pressure The departure of the experimental ourve from the linear 
law at higher pressures is due— 

(i) to the absorption of the pnmary rays in the gas, 

(n) to the absorption of the secondary rays m the gas 

Now the absorption of the primary rays can be easily measured, as has 
been desonbed above We can therefore correct the experimental curve for 
the absorption of the primary rays. The ourve so obtained is marked II, in 
fig, 7 This ourve still bends over towards the axis of pressures. 

Since the actual amount of secondary radiation emitted is represented by 
the straight line III, tangential to curve II at its origin, while the amount 


* ‘Phil. Msg.,’ (63, *oi 14, p. 604,1607 
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emerging from the gns after partial absorption is represented by curve II, 
the ratio of the ordmate of the latter to that of the former for any given 
pressure gives the ratio I/Io for that preBBure 

Plotting the logarithm of I/I® for different pressures against the pressure, 
we obtain curve IV This, as will be seen, is a straight line within the 
limits of experimental error, and represents the absorption of the secondary 
rays from the gas by the gas itself Taking 3 4 cm as the mean distanoe in 



the gas traversed by the secondary rays before reaching the window, we 
obtain the value 0*40 as the coefficient of absorption of the secondary rays 
from ethyl bromide, m ethyl bromide itself The coefficient of absorption of 
the primary rays m the gas for t‘he rays used (which were hard) was found 
to be 016 The ratio of the two coefficients is therefore 25 On measuring 
the absorption of tin foil, first for the primary beam and then for the 
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secondary, the ratio of the coefficients of absorption for tin foil was found 
o be 2 7. 

A repetition of the experiments, with methyl bromide as the radiating gas,, 
gave very similar results 

The calculations are only approximate, but as far as they go they would 
seem to indicate that a gas or vapour is neither exceptionally transparent, 
nor exceptionally opaque, to the radiations it emits 

Total Ionisation. 

The total lomsatiou produced by the complete absorption of Rontgen rays- 
of the ordinary type in different gases has not yet been directly measured. 
If q is the relative amount of ionisation produced in a given gas, and X. the* 
coefficient of absorption of the rays for the gas, then it can easily be shown 
that the relative total ionisation T is given by the equation 

T = q f e~ Xx dx* 

Jo 

t.e, T = q/\ 

Both q and X are already known We can, therefore, calculate the value 
of T for the different gases employed If q/\ is the^ same for all gases, the 
total number of ions produced in different gaseB by rays of given intensity 
will be the same 

The values obtained for the ratio q/\ for the different gases are given both 
for soft and hard rays in Table VI As it was not possible to measure the 



Table VI 



Total lonuation (calculated) 

t 

Total ionisation 
(experimental) 


Soft rays 

Hard rays. 

arrays* 

Air 


_ 

1 00 

CH^COsCH, ... 
CflU.Ol 

1 00 

1 *00 

— 

1 64 

1*0 

1 32 

ecu 

1 12 

1 5 

1 82 

Ni (00) 4 

1*70 

0-01 

— 

<XH.Br 

0 06 

1 ■08 

— 

CH,Br 

0 98 

— 

1 82' 

OHJ 

1*92 

0 88 

1 83 

Hg(OH t )i 

1 46 




• Kleemsn, 1 Boy Soc Froc,/ A, toI 79, p 222,1907. 

coefficient of absorption for air, the value of qj\ for methyl acetate has been 
faWan as the standard and reduced to unity. For the sake of comparison, 
* J J Thomson,' Conduction through Gases,’ p. 308,1906 
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some experimental values obtained by Kleeman for the relative ionisation 
produced in different gases by the total absorption of *-rays are given zn the 
last column of the table 

It will be seen that the ratio qj\ for different gases is not a constant, the 
variations being considerably greater than can be accounted for by experi¬ 
mental error The relative ionisation q is easy to measure with accuracy, and 
in the case of such gases as methyl iodide, mercury methyl, ethyl bromide, 
and carbon tetrachloride, where the absorption is high, the coefficient of 
absorption X can also be measured with a fair degree of accuracy The values 
of X for hard rays are less reliable than those for soft, as not only is the* 
absorption of its rays m the gas much less, but also it is more difficult to 
keep the rays constant during a senes of observations Even with hard rays 
the values for methyl iodide and ethyl bromide are probably not more than a 
few per cent, out 

It will also bo noticed that the relative values of q/\ for the different gases 
vary with the hardness of the rays, especially in the case of methyl iodide 
and nickel carbonyl, the properties of which seem very sensitive to fluctuations 
in the quality of the rays Thus for soft rays methyl iodide gives a value 
almost exactly twice as large as ethyl bromide, while for hard rays its value 
is only about four-fifths^that of the latter gas 

The values obtained for the hard rays are more nearly constant than those 
for the softer radiations Carbon tetrachloride appears out of place, but the 
absorption of the hard rays in this vapour is small, and too much importance 
should not be attached to this result 

It may be mentioned that the measurements of q and X for any given gas 
were made simultaneously, in order to ensure their being strictly comparable 
As both q and X vary with the hardness of the rays, this precaution is ol 
considerable importance 

Energy spent per Ion 

If the whole of the energy absorbed by a gas were spent in ionising the 
gas, then the work done in making one ion m the gas would be inversely pro¬ 
portional to the total number of ions made—that is to say, it would be 
inversely proportional to the total ionisation. Some of the energy absorbed, 
however, is given out again as secondary radiation In the case of ethyl 
bromide, for example, as much as one-third of the energy absorbed may be 
given out as seoondaiy rays. Since the relative ionisation has been corrected 
for any ionisation due to the secondary rays, we must regard this energy as 
adding nothing to the total ionisation in the gas. 

The amount of secondary radiation from the different gases and vapours is 
known, it is therefore quite easy to make correction for the energy lost in 
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this way The values, thus corrected, for the energy-spent per ion in the 
different vapours are given in Table VII, methyl acetate being again taken as 
the standard in the absence of any reliable data for air 

Table VII 



Energy spent per ion. 


Soft rays 

Hard rays 

OffgCOjOH, 

1 00 

1 00 

C s H 6 C1 

0 61 

l 0 

CC1 4 

0 89 

0 7 

Ni(00) 4 

CgHjBr 

0 67 

0 88 

1 1 

0 7 

CH,I 

0 62 

1-0 

Hg(OH a ), 

0 60 



If there is no further loss of energy in addition to secondary radiation, 
those figures give the relative amount of energy required to produce an ion 
in the different vapours 

It will be seen that the results obtained, though all of the same order, are 
somewhat different for different gases Ethyl t chloride, carbon tetra¬ 
chloride, and ethyl bromide, give figures distinctly smaller than those for 
methyl acetate The values for nickel carbonyl and methyl iodide vaiy 
rapidly with the hardness of the rays Unless some of the energy absorbed 
is dissipated in other ways than ionisation and secondary radiation, it would 
seem that m these gases soft rays produce an ion with the expenditure of 
only about half the energy required m the caBe of hard rays 

Summary and Conclusion 

In the present work a senes of experiments has been made, under 
comparable conditions, on the behaviour oi different gases and vapours with 
respect to the passage of Itontgen rays through them The results obtained 
may be buefly summarised as follows — 

( I ) The amount of ionisation produced by the direct action of the primary 
Bontgen rays on a gas m simply proportional to the pressure of the gas. No 
evidence was obtained of the emission of any appreciable amount of soft 
secondary radiation by the gas, the ionisation being apparently dne to the 
direot action of the primary rays 

( II ) The relative ionisation in the different gases compared with air as the 
standard vaneB considerably with the hardness of the rays. Hydrogen and 
ethyl bromide show an increase as the hardness of the rays increases. 
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Other goB68 remain constant or give a diminution There is no indication 
of any approximation to a “ density law " as the hardness of the rays is 
increased 

(in) The relative ionisation m a gas follows approximately an additive 
law It does depend somewhat, however, on the state of combination,, 
especially for soft rays 

(iv) The absorption varies with the pressure according to an exponential 
law 

(v) The amount of secondary radiation emitted by different gases relative 
to air is, generally, approximately independent of the hardness of the 
primary rays For very hard rays ethvl bromide shows a slight decrease 
On the other hand, the values for methyl iodide increase fairly rapidly as the 
hardness of the rays is increased 

(vi) The coefficient of absorption of the secondary rays emitted by a gas, 
in the gas itself, is not abnormal 

(vn) The total ionisation in different gases is not a constant, and the 
relative values obtained differ with the hardness of the rays 

(vni) The amount of energy required to pioduce an ion in different gases 
is different, and also vanes with the haidneBs of the rnys 

No relationship has been found betweeu the relative ionisation and the 
secondary radiation, or between either, and any other known property of the 
gases and vapours, and the explanation of the relatively large amounts of 
secondary radiation emitted by ethyl bromide and its class compared with 
air, and of the large relative ionisations in methyl iodide, ethyl bromide, etc r 
still remains to be sought 

It appears that on the whole less energy is required to produce an ion m 
the more mineable gases, but the values obtamed do not differ very largely, 
and are totally inadequate to explain the very large amounts of ionisation in 
these gases and vapours. 

Both the ionisation and the secondary Bontgen radiation follow, at any 
rate approximately, an additive law It appears, therefore, that these 
properties are properties of the atoms themselves, and that an explanation 
must be sought in their atomic structure 

In conclusion, I wish to express my warmest thanks to Sir J, J. Thomson, 
foi lus helpful advice and stimulating interest during the course of the- 
present experiments. 
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On the Velocity of the Cathode Rays ejected by Substances exposed 
to the y-Rays of Radium 

By R D Kleeman, B A, B Sc., 1851 Exhibition Scholar of the University of 
Adelaide, and Research Student of Emmanuel College, Emmanuel 
College, Cambridge 

(Communicated by Prof SirJ <T Thomson, FR.8 Received December 22,1908, 

—Head January 14,1909) 

§T 

The cathode radiation from a substance exposed to the 7 -rays of radium 
consists, as is well known, partly of rays of a very penetrating character 
Thus Eve found that the secondary rays from a lead plate, which m his 
experiments weie deflected by a strong magnet into an ionisation chamber, 
possessed approximately the same penetrating power as the /9-rays of 
uranium He tested the penetrating power of these deflected rays by 
placing successively different thicknesses of aluminium foil over the opening 
of the chamber and measuring the changes produced m the leak 

This paper gives an account of some experiments of a more elaborate 
character by the writer on the subject Two different methods were used 
in these experiments One of the methods consisted m measuring the 
scattering of the cathode particles produced by diflereut thicknesses of 
metal foil placed in the path of the rays. In the other method the cathode 
rays were deflected into an ionisation chamber by means of a strong electro¬ 
magnet, and the ionisation in the chamber measured for magnetic fields of 
different strengths 

It will be then seen that each method has its particular advantages in 
bringing out the different properties of the secondary radiation. 

The form of apparatus used in the first method is shown m fig 1 A is 
an aluminium ionisation chamber 12 5 cm long, 10 om high, and 7 cm. 
deep, supported by a wooden frame arrangement from which it was insula t ed 
The metal plate B resting on the adjustable table C formed the lower side 
of the chamber The plate oould be removed and replaced by another after 
lowering the table a convenient distance from the chamber Thirty milli¬ 
grammes of radium bromide (enclosed in a glass tube) were plaoed m the 
cavity of tho lead oyhnder D, and a piece of sheet lead 3 mm thick placed 
over the opening of the oavity to cut off the /9-rays E is another ionisation 
chamber whose electrode was connected with that of the chamber A One 
of the chambers was connected to a positive potential of 200 volts and the 
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other chambei to a negative potential of 200 volts. The ionisation in both 
chambers was produced by the 7 -rays from the radium, the amount of 
ionisation in the chamber E being regulated by screens of different 
thicknesses placed between the radium and the chamber The object of the 
chamber E was to partially compensate by means of its leak that part of 
the leak in the chamber A which is not due to the cathode rays from the 
plate B. 

The penetrating power of the secondary cathode rays emitted by the 
plate B was investigated by measuring the ionisation in the c.WmW for 
different thicknesses of aluminium or paper foil placed upon the plate. If 
the radiation from the foil is small in comparison with the radiation from 
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another sheet of foil of the same mass per cm*, but of the material of the 
plate B, the secondary radiation from a combination of the plate B and 
a sheet of foil is the radiation from the plate modified by the scattering of 
the foil. The coefficient of absorption of the foil ib in that case easily 
obtained. Thus, let M denote the leak in the chamber A produced by the 
secondary cathode radiation from the plate B, and N the r emaining leak in 
the chamber minus the leak m the chamber E. The leak obtained when 
there is no foil on the plate is then (M+N) When a sheet of foil is 
placed on the plate the leak obtained is (^M+N), where ^ denotes the 
fraction of the secondary radiation from the plate which penetrates the foil. 
If an additional sheet of foil of the same thickness is placed on the plate, 
the* leak obtained is ($*M+N). The difference between the first and thud 

K 2 
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leak divided by the difference between the first and second then gives the 
value of (1——<^), that is of (</>+!). And if x denotes the thickness 
and X the coefficient of absorption of die foil, we have e~ zk = <f>, from which 
X can be obtained 

The value of <f>, we have seen, gives the fraction of the amount of radiation 
from the plate which penetrates a given thickness of foil Bnt this applies 
only to the whole radiation from the plate if it is homogeneous If the 
radiation is heterogeneous, the value of <j> applies only to that part of the 
radiation which ib easily absorbed m comparison with the remaining part 
Thifls follows from the particular way in which <f> ib obtained Thus, let 
the radiation from the plate be divided into two parts, A and B, and lot the 
valuos of <f> for the two ports be fa and fa respectively. The difference 
between the leak with a sheet of foil on the radiating plate and the leak 
without the foil is then A (1— fa )+B (1— fa) Now, we may suppose the 
radiation divided into two paits, such that (1— fa) is so small that B(l— fa) 
is negligible in comparison with A(l—<f>i) The difference between the leak 
with two sheets of foil and the leak without foil is then A (1 —fa 3 ), and the 
ratio of this difference to the other difference equal to (l+^i) Therefore if 
the rays are heterogeneous, the value of <f> found by the above method and 
the coefficient of absorption deduced therefrom applies to the set of rays A. 
This method thus brings the existence of the soft rays in a set of rays into 
evidenoe, and furnishes also a measure of their penetrating power 

The value obtained for fa it will be observed, is influenced by the secondary 
radiation from the foil itself, if this is not of negligible magnitude. For the 
radiation from the foil, when added to the part of the radiation from the 
plate which penetrates the foil, has the effect of making the fraction of 
the radiation which penetrates the foil appear larger than it really is. 
A smaller value for X than the true value will consequently be obtained 

But by using a proper combination of plate and foil, the effect of the 
radiation from the foil becomes negligible Thus, if the radiating plate is of 
aluminium, or of a metal of higher atomic weight than aluminium, and paper 
foil used to absorb the secondary rays, the effect of the radiation from the 
paper on the value of <p is small. This was proved in the following manner — 
The radiations from a sheet of paper and a sheet of aluminium foil were 
compared with one another, each sheet radiating under the same conditions 
as the radiating plate. The details of this experiment will be described 
further on. The sheets of foil were two of those used to absorb the cathode 
rays in these experiments, the paper foil weighed 64x10"* and tlm 
aluminium foil 9 27 x 10"* gramme per cm * It was found that each of 
these two sheets of foil produced practically the same amount of secondaiy 
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radiation The radiations from aluminium and paper for equal masses per 
cm. 3 are therefore in the ratio of 1 to 013 Consider the effect of placing 
a sheet of aluminium foil on an aluminium radiating plate. It ib evident 
that the decrease of secondary radiation from the plate due to the scattering 
of the foil is exactly counterbalanced by the radiation from the foil But if 
a sheet of paper foil of the same moss per cm * as the aluminium foil be 
placed ou the plate, the radiation from the paper, according to the foregoing, 
would be only about 013 of that from the aluminium foiL But the amount 
of scattering produced would be the same in each case This follows from 
the experiments on the scattering of cathode rays Thus it has been shown 
that the amounts of scattering of aluminium and paper for equal masses 
per cm 3 are equal to one another over a wide range of velocities of the 
'cathode rays produced in a vacuum tube, and in the case of the /9-rays of 
uranium We may suppose, therefore, as a first approximation, that a sheet 
of paper foil plaoed on a plate of aluminium produces only scattering of the 
radiation from the plate 

But this must also be true if a radiator of higher atomic weight than 
aluminium is used For in that case, since the radiation from equal masses 
increases with the atomic weight of the material, the difference between the 
amounts of radiation of the paper foil and an equivalent piece of foil of the 
same material as the radiating plate is even greater than in the foregoing 
oase 

Further, since the ratio of the atomic weight of lead to that of aluminium 
is greater than the ratio of the atomic weight of aluminium to the average 
atomio weight of paper, this will obviously be also true in the case of 
aluminium foil and a lead plate 

The relative amounts of radiation from a sheet of paper and a sheet of 
aluminium foil were found in the following manner The table C was 
removed, and a wire gauze fixed to the chamber so as to form its lower side 
The leak in the chamber was then measured A sheet of paper foil fixed to a 
metal frame was then plaoed underneath the gauze so as to be in contact 
with it, and the leak again measured In the same manner a leak was 
obtained with a sheet of aluminium foil fixed to the frame The first leak 
was then subtracted from the second and third, the result giving the 
amounts of radiation from the paper and aluminium foil respectively 

Table X gives the values of ^ for paper foil obtained with a number of 
different metals in the manner described. Each of the measurements 
required for csloulatmg £ is the mean of at least eight readings The 
readings were taken in the same manner as described in a previous paper.* 
* 1 PhiL MagNovember, 1907, p. 019. 
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The apparent leak was usually decreased by about 60 per cent when a sheet 
of foil was placed on the plate * 


Table L 


Radiator and its 
thickness 

for paper weighing 

8 4 x 10“ fi gramme per cm. 1 

Pb 

mm 

2 

0 58 

Pb 

0 25 

0 60 

Bn 

. 8 

0 64 

Zn 

8 

0 54 

Ou 

2 6 

0 66 

Fe 

2 5 

0 62 

Ni 

2 6 

0 68 

8 

4 

0 62 

A1 

8 5 

0 68 


It will be seen that the value of £ is approximately the same for the 
different metals, the mean value being about 053. Thus part of the 
secondary cathode radiation from each of these plates is reduced to about 
one-half by a sheet of paper (weighing 6 4 x 10 ~ a gramme per cm 3 ) placed 
dose to the radiating plate If all the radiation from a plate possessed the 
same penetrating power as the / 3 -rays from uranium, the value of ^ would be 
0 99, and a single sheet of paper foil would in that case Btop about 1 per 
cent of the radiation. It appears, therefore, that the secondary cathode 
radiation from a plate on the side where the 7 -rays enter consists partly of 
very absorbable rays 

The penetrating power and heterogeneity of this absorbable radiation is 
best brought out by considering the values of <f> and X found for al umi nium 
foil. Aluminium foil is more homogeneous than paper, and it is therefore 
better to use aluminium foil when possible Table II gives the values 
obtained for <f> and X when a radiator of lead was used. The coefficient of 
absorption of aluminium for the oathode rays in a vacuum tube, and for the 
/ 8 -rays of uranium oxide, are placed m the table for comparison The first 
column in the table gives the nature of the souroe of cathode radiation. 
The second column contains values of The first value of 4> given 
corresponds to the Bof t secondary rays from a lead plate exposed to 7 -rays, 
and the second to those rays which penetrated a layer of aluminium leaf 
weighing 2*72xlO~* gramme per cm* placed upon the plate The thud 
oolumn gives the values of X for the different oathode rays. 

It will be seen that the coefficient of absorption of aluminium for the soft 

* The paper was blackened with graphite in order to make it a good conductor of 
electricity. 
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cathode rays from the lead plate is very much greater than that found for 
the jS-rays of uranium, but smaller than that found by Lanard for the 
oathode rays ui a vacuum tube A comparison of these coefficients of 
absorption with some coefficients of absorption and corresponding velocities 


Table II 


Nature of the source of oathode 
radiation 

(p for aluminium leaf weighing 

9 27 x 10“ 4 gramme per cm 9 Calculated 
tbiokness of leaf, 8 4 x 10“* cm 
Equivalent in mass to a thickness 0*72 cm 
of air 

\ 

Secondary oathode rays from a plate 
exposed to the y rayB of radium 

0 52 

1898 

The secondary cathode rays from the 
lead plate passed through aluminium 
leaf weighing 2 72 x 10~* gramme per 
cm 9 Equivalent in mass to a thick¬ 
ness of 2 cm of air 

0 804 

640 

Oathode rays m a vacuum tube Velo¬ 


7160 

city about fl x 10® cm /sec (Lenard) 

1 


0 rays from uranium (Rutherford) 

— 

14 


* 

given by Lenard,* suggests that the velocity of these soft secondary rays, on 
the supposition that they are homogeneous, is about twice that of the 
cathode rays in a vacuum tube and one-third that of the /9-rays of uranium. 
But the rays are not homogeneous, as will be shown presently, and the 
velocities therefore range above and below this value 

Next let us consider the values of if), which, it will be remembered, denote 
the fractions of the soft cathode radiations penetrating a piece of foil of 
a given thickness Thus aluminium foil 34 x 1G~* cm thick reduces the 
soft radiation from a lead plate to 0 5 of its original value. The sheet of 
foil is equivalent in mass to a layer of air 0 72 cm. thick. Therefore, if we 
assume that the absorption of the rays by air and aluminium is the same for 
equal masses per cm s , half of this soft radiation is absorbed in the 0 72 cm. 
of air adjacent to the plate. 

When the oathode rays were first Bifted through an aluminium layer 
weighing 2 72 x 10“ 8 gramme per cm., the value obtained for if> was 082, 
whioh is a larger value than that obtained without previous sifting. The 
radiation which penetrated the aluminium layer did not, therefore, contain 
as large an amount of Boft radiation as the whole radiation from the plate. 

* Sea ‘Conduction of Electricity through 0am,' by Prof. J. J Thomson, second 
edition, p. 881. 
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Some of the soft rays were, therefore, completely absorbed by the aluminium 
layer And since the layer is equivalent in mass to about 2 cm. of air, some 
of the cathode rays from the plate were completely absorbed in the 2 cm. of 
air adjaoent to the plate 

The radiation which penetrated the aluminium layer contained much less 
soft radiation than the whole radiation from the plate Thus about 0 5 of 
the whole radiation from the plate was absorbed by a sheet of aluminium foil 
8-4 xlO" 4 cm. thick, while only (1—0 82) or 018 of the radiation which 
penetrated the aluminium layer was absorbed by the same Bheet ot foil 

The foregoing considerations show that the soft rayB from a plate are 
heterogeneous They also show that the coefficients of absorption found 
apply principally to those cathode rays which have a range of 1 or 2 cm 
only The properties of these soft rays were brought into prominence not 
only by the particular method of investigation adopted, but also by using 
very thm sheets of absorbing material For if a heterogeneous beam of 
cathode rays is gradually cut down by successive pieces of thin foil, the 
decrease will be more rapid at the beginning on account of the absorbable 
radiation being more rapidly absorbed than the more penetrating The 
coefficient of absorption obtained with thm foil will therefore be larger than 
that obtained with foil which is much thicker, and thm foil therefore 
brings out the properties of the soft radiation to a greater extent than thick 
foil 

Table I shows that the value of <j> for a given thickness of paper foil is 
independent of the nature of the radiating plate Thus the nature or 
penetrating power of the Boft radiation in question is independent of the 
nature of the radiating material It does not follow, however, that this 
result must also be true for the penetrating radiation emitted by the plate 
It is probable that the penetrating oathode radiation set free in a plate is 
successively transformed into other radiations of less and less penetrating 
power, the radiation ultimately produoed from all materials being 8-rays, 
which, m their turn, do not ptoduoe any secondary radiation The soft 
secondary radiation from a plate produoed in that way would be practically 
independent of the nature of the radiating plate It seems, therefore, that 
the soft radiation is largely produced by the penetrating /3-rays ejected by 
the y-rays. Other experiments seem to point to the same conclusion. 

Thus it was found that the nature of the cathode rays is practically 
independent of previous sifting of the y-rays through a thick screen of 
metal, This result is shown by Table IIL The soft radiation is, therefore, 
not produoed by very absorbable rays in the beam of y-rays, for previous 
sifting of the beam would diminish the very absorbable rays in a greater 
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proportion than the more penetrating rays, and the penetrating power of the 
secondary cathode radiation would thereby be increased. 


Table III 


Lead screen 1 8 cm thick 

<p -0 60 

Zinc screen 2 0 cm thick 

-0 60 

Lead screen 0 8 cm thick 

<f> mm O 53 


Very little of the soft cathode radiation seems to be produced by the soft 
7 -rays generated in the plate, for the penetrating power of the radiation is 
practically independent of the thickness of the radiating plate Thus the 
values of <f> in Table I tor two lead radiatois, one of which was 0 25 and the 
other 2 mm thick, were 0 50 and 0 53 respectively Some of the radiation 
must, however, be produced by the secondary 7 -rays, since secondary 7 -rays 
are produced in a substance exposed to y-rays, which are so soft as to be 
almost entirely absorbed by the substance* It may be mentioned in 
passing that there is some indirect evidence that such soft 7 -rays are likely 
to be produced Thus Barklaf found that the secondary X-radiation from 
carbon becomes softer in comparison with the primary X-rays as the 
haidness of the primary rays is increased 

The soft cathode radiation possesses considerable ionising power, smoe the 
leakB were not appreciably altered by re\ ersing the sign of oil the potentials 
It the leaks consisted largely of cathode particles which originated in the 
plate, the magnitude of the leaks would have been considerably decreased 
when the potential of the ohamber was changed from positive to negative 
The foregoing method may also be used to investigate the penetrating 
power of the soft radiation on the side of the plate where the 7 -rays emerge 
But in this oase the radiations from two sheets of foil of equal mass but of 
different materials do not differ so much from one another as in the foregoing 
case This m due to the fact that the radiation from the side of a plate where 
the 7 -rays emerge does not decrease so rapidly with decrease of atomic 
weight ot the plate as the radiation from the other side This effeot was 
explained by Prof Bragg and Dr Madsen by supposing that the secondary 
cathode rays are initially projected m the direction of propagation of the 
7 -rays $ The value of ^ obtained by this method will therefore be laiger 
than the true value; but still the results with this restriction will be seen to 
be of importance 

• freeman, ‘ PhiL Mag,' May, 1906, p. 638. 

'+ Barkla, * PluL Mag,' February, 1908, p. 988 

J ' Phil. Mag.,’ May, 1908, p. 663 



136 Mr. Kleemau. Velocity of Cathode Mays ejected [Dec. 22, 

The experiments m this case were carried out in the following manner. 
The adjustable table was moved to one Bide of the chamber, and the ra dia ti n g 
plate held in position by two arms attached to the table The radium was 
placed underneath the plate at a distance of about 9 cm. from its centre. 
Headings with foil were then taken in the same way as before 

The values found for <f> for aluminium and paper foil when a lead radiator 
was used were 045 and 016 respectively Those values are smaller than 
those found under previous conditions, viz, 0 52 and 0 53 respectively. The 
difference is greater with paper than with aluminium foil, this being probably 
due to the radiation from the paper foil affecting the value of ^ to a less 
extent than the radiation from the aluminium foil The radiation from the 
foil, we have seen, affects the values of <f> for the side where the 7 -rays 
emerge to a greater extent than the values for the other side And since 
the effect of the radiation is to make 4> greater than its true value, the 
difference between the values for the two sides of the platd must be even 
greater than those given by the above values It appears, therefore, that 
the soft radiation ou the side of the plate where the 7 -rays emerge is con¬ 
siderably softer than that 011 the othei side 

This is an interesting result, but the true explanation is not at all clear 
One way of explaining it is as follows. • 

The soft radiation, we have seen, is to a large extent produced by the 
cathode rays projected by the 7 -rays Since the cathode rays produced by 
the 7 -rays are projected m the direction of propagation of the rays, it is not 
improbable, on the aether-pulse theory, that a 7 -ray deflects in the direction 
of its propagation the soft cathode radiation over which it may happen to 
pass. This may take place principally in the following way 
A 7 -pulse ib probably followed by a number of pulses of much less intensity 
produced by the same electron as the principal pulse, and also by secondary 
pulses produced m the matter which it traverses These pulses will pass 
over the cathode ray produced by the 7 -pulse, since they are all (for a tune at 
least) moving in the same direction The soft radiation produced by the 
oathode ray might, therefore, be to some extent deflected in the direction of 
propagation of the pulses 

It is not improbable, however, that this is not the true explanation of the 
effeot. Further investigations on secondary radiation and scattering of 
oathode rayB will probably make this dear 
Some experiments were also made on the soft radiation produced by the 
0- and 7 -rays together on the emergent side of a plate. The radiating {date 
was a sheet of lead 0 25 mm. thiok, stretched over a frame. The radium was 
plaoed underneath the plate in the same position as in the experiments just 
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described. It was not covered by a screen, and some of the /S-r&ya which* 
penetrated the glass tube therefore penetrated m part the lead sheet. The 
soft cathode radiation produced was therefore due to the action of the ft- and 
7 -rays. 

The values of <f> for aluminium and paper foil obtained with this arrange* 
ment were 0 57 and 0 29 respectively These values are larger than those 
obtained with a lead plate 2 mm thick, and with the /9-rays out off by a 
screen, viz, 0 45 and 016 respectively It appears, therefore, that the soft 
radiation produced by the ft- and 7 -rays together is of a more penetrating 
character than that produced by the 7 -rays alone. This is probably due, 
considering the way <f> was obtained, to the / 9 -radiation produced by the 7 -rays 
being more heterogeneous than the /9-rays of radium after having passed 
through the walls of a glass tube and a sheet of lead. And the less penetrating 
radiation was therefore smaller in comparison with the remaining radiation 
when both the ft- and 7 -rays were used, than when the 7 -rays alone were 
used It would appear afterwards, from the magnetic deflection experiments, 
that the /9-rays ejected by the 7 -rays are heterogeneous—that is, have different 
velocities. 

Table IV gives some values of <f> obtained for different distances of the 
radium from the radiatoflg plate The values refer to the side of the plate 
where the 7 -rays entered It will be seen that there is practically no 
difference in the values obtained The nature of the soft radiation is, there¬ 
fore, as we would expect, independent of the distance of the radium from the 
radiating plate 

Table IV. 


Distance of radium from lead 
radiator 

* 

cm 


11 *0 

0 60 

1 12 5 

0 58 

| 17*0 

0 64 


§n 

The experiment* in whioh the velocity of the cathode rays was investigated 
by deflecting them by a magnetic field will now be described The form of 
apparatus used in these experiments is shown in fig. 2 A is an ionisation 
chamber ^ it consisted of an oblong lead box 8 om. long, 5 6 cm. high, and 
6 cm. deep. The side ah of the chamber consisted of tightly stretched 
tissue-paper. B and 0 are lead blocks which served to screen the chamber 
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from the direct action of the 7 -rays from the radium contained in the lead 
cylinder D, they were 5 cm and 5*5 cm. thick respectively But since it is 
impossible to obtain perfect screening from 7 -rays, there was a constant 
ama.11 leak in the chamber due to the rays which penetrated the lead blocks. 
F is an aperture of square section, 3x3 cm.*, in the lead block B, its eross- 
eection was made smaller when required by tightly packing its sides with 
suitable lead strips A metal plate a few millimetres thick was placed at e, 
on top of the aperture, or at d, at the bottom of the aperture This plate 
was the source of the secondary cathode radiation under investigation The 
rays were deflected by means of a magnetic field, whose direction was at 
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right angles to the plane of the paper, towards the tissue-paper window of 
the ionisation ohamber A. The inorease of leak in the chamber caused by 
the / 9 -particles which penetrated into the chamber was measured for 
magnetic fields of different strengths The position of the pole-pieces of the 
magnet (which were of square seotion) with respect to the other parts of 
the apparatus is indicated m the figure by a dotted square. The beam of 
cathode rays entering the chamber could be limited to any required size by 
placing at e a suitable lead stop of the form G. 

First some experiments were made m order to see if previous screening 
of the 7 -rays affects the velocity of the secondary rays. In one set of 
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experiments the radiating plate was placed at e, no stop of any kind being 
placed at e Headings were taken with successively increased magnetic 
fields. The reading obtained with no magnetic field was subtracted from 
eaoh of these readings, and the resulting values plotted againBt the current 
through the magnet Fig 3 shows some curves obtained in this way They 
are the result of combining a large number of observations taken at different 
times The sharp bends in the curves indicate the stage when the rays of 
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the outer edge of the principal stream of rays are deflected just sufficiently 
to enter the ohamber The curves have been so plotted that they are 
slightly separated from one another at the bends. 

The curves A and B were obtained with a lead radiator. The <y-raye were 
sifted through lead screens of different thicknesses in the two cases, the 
curve A obtained with a screen 1*5 cm. thiok, and the curve B with 
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a screen 3 mm thick The difference in the form of the curves indicates 
that the proportion of electrons moving with a velocity less than that 
corresponding to the bends m the curves, is decreased when the thickness of 
the lead screen is increased A thick screen thus absorbs a greater 
proportion of the y-rays which produce these slow electrons than a thin one. 
It appears, therefore, that the velocity of the secondary cathode radiation 
produced m a lead plate decreases with the absorbability of the y-rays 
(producing it 

The curves C and D were obtained with an aluminium radiator, using the 
same lead screens as before The curve C corresponds to the thick screen, 
and the cnrve D to the thin screen being used It will be seen that now 
there is scarcely any difference between the curves obtained The previous 
passage of the y-rays through a thick lead screen thus affects the more 
absorbable radiation from an aluminium plate to a less extent than that from 
a lead plate 

If part of the soft radiation from a plate is produced by the y-rays that 
are selectively absorbed by the place we would expect suoh a result The 
substitution oi a thick screen for a thin one would then affect the radiation 
from a plate of the same material as the screen to a greater extent than the 
radiation from a plate of some other material, for th8 y-rays would be robbed 
in the first case to a greater extent of the rays most easily absorbed by the 
plate than iu any other case The rays that are most easily absorbed by 
a substance, it should be observed, are also the rays that are selectively 
absorbed by the Bubstance, if selective absorption exists. 

Two sets of readings were also taken in succession with a zinc screen 
2 cm. thiok and the thick screen of lead used previously, the radiator being 
•of lead. CurveB of the same form as A and B weie obtained, the curve 
obtained with the lead screen being more convex towards the current axis 
than the curve obtained with the zinc screen The lead screen thus robbed 
the beam of y rays of a greater proportion of the rays which produce soft 
cathode radiation from a lead plate than the zinc screen This is in 
acoordanoe with what we would expect according to the explanation given of 
the effeot 

It should be observed that the soft rays dealt with in these experiments 
are of a much more penetrating character than those discussed in the 
previous section. The average range of the latter rays is so small that 
scaroely any of them oould have entered the ionisation chamber in the 
experiments just described. 

A large number of experiments were made under different conditions to 
make sure that the effects just described ware not due to a disturbing 



141 


1908.] by Substances exposed to the y-Rays of Radium 

influence of the radiation from other parts of the apparatus than that from 
the plate at c t Thus, readings were taken with the aperture F of different 
dimensions, and the pole-pieces at different distances apart, readings were 
also taken with the radiating plate placed at d But in all oases a difference 
of the same nature as described uas obtained between the curves for an 
aluminium and lead radiator when a thick and thin screen of lead were 
used The difference in the curvature of the curves was, however, for two 
sets of experiments earned out under the same conditions, not always 
exactly of the same magnitude This was piobably due to hysteresis effects 
of the electro-magnet The most consistent results were obtained when the 
radiating plate was placed at d The reason for this appears to be that 
less of the very soft radiation, which would be greatly affected by the 
hysteresis of the xnagnot for small magnetic fields, entered the chamber in 
this case 

The conclusion, then, is that the velocity of the cathode radiation from 
a plate due to 7 -rays decreases with the absorbability of the rays producing 
it* But the set of rays most easily absorbed by a substance need not 
necessarily be the same for all substances 

Some experiments by Innesf on the velocity of the secondary cathodo 
rays produced by X-r&ys may be mentioned in this connection This 
observer found that the velocity of the cathode radiation from a metal plate 
decreased with the softness of the X-rays producing it He also found that, 
keeping the penetrating power of his X-rays constant, the velocity of the 
cathode rays was influenced by the nature of the ladiatmg metal The 
effect in the latter case is easily explained by selective absorption of the 
metals used The set of lays best absorbed by a substance, not necessarily 
the same set for each substance, varied probably in degree of absorbability 
from substance to substance, and cathode rays of corresponding slowness 
were produced. 

The bends m the ourves in fig 3 indicate, as already pointed out, that 
there is a principal stream of cathode rays from the radiating plate If the 
rays were ejected from a plate in all directions we would scarcely obtain 
any indication of bends of any sharpness The Bhorpness of the bends was 
found to depend somewhat, as we would expect, on the dimension of the 
aperture F, and the distance of the ionisation chamber from the aperture 
This result confirms the deduction which Prof Bragg and Dr Madsen^ 

* Prof Bragg and Dr Madsen, according to a paper that has just appeared m the 
1 Phil Mag 1 of December, 1008, p. 018, have obtained the some result, but by a different 
method. 

+ ‘Boy Soc. Froc./ A, vol 79(1907), p. 448. 


t Log c%t 



142 Mr. Kleeman. Velocity of Cathode Bays ejected [Dec. 22, 

made from some of their experiments on secondary radiation, namely, that 
the secondary cathode rays produced by the 7 -rays are ejected m the direction 
of propagation of the rays 

An attempt was also made to determine absolutely the velocity of the 
fast-moving rays from a plate But it had to be given up on account of the 
great heterogeneousness of the rays The maximum velocity of a pencil of 
rays was found to depend on the size of the aperture F, and on the size of 
the aperture of the stop G placed at as we should expect if the rays are 
heterogeneous. And to obtain the relation between the velocity and amount 
of radiation, as 1ms been done for the /3-rays of radium, the apparatus was 
altogether unsuitable The rays were therefore compared aB a whole with 
the / 8 -rays from radium The size of the aperture F in these experiments 
was 11 cm 3 and the lead plate used as radiator was placed at c A 
stop of the form (J was placed at c, the size of its aperture being 1 d cm 8 
A set of readings was first taken with the lead radiator for magnetic 
fields of different strengths in the same way as before A set of readings 
was next taken with the screen over the radium and the lead radiator 
removed A stream of iS-rays from the radium now passed through the 
aperture F, and was deflected by the magnetic field towards the ionisation 
chamber It should be observed that, if the secondary rays from the lead 
plate radiator were ejected m the direction of propagation of the 7 -rays, 
the beams in the two cases weie similar m respect to the direction of 
motion of the electrons 

The readings obtained in the two cases are plotted against the current 
through magnet in fig 4 The curve E refers to the cathode rays from the 
lead plate, and the curve F to the / 8 -rays from the radium It may be 
mentioned in passing that a comparison of the magnetic field with current 
through magnet by means of an exploring coil and current indicator showed 
them to be approximately proportional to one another over the whole range 
of magnetic fields used in these experiments The curves have been so 
plotted that they are only slightly separated from one another actually the 
maximum leak for the / 8 -rays was much greater than that for the secondary 
cathode rays. It will be seen that m both cases the maximum leak is 
obtained for approximately the same current through the maguet The 
velocity of the secondary cathode rays from a lead plate exposed to the 
7 -rays is therefore, as a whole, the same as that of the / 3 -rays of radium 

It will be interesting, without committing ourselves to any particular theory 
of the 7 -rays, to see what this result means in the light of the two theoneB of 
the 7 -rays at present put forward 

According to the theory of Prof Bragg end Dr Madsen, the 7 -ray consists 
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of a negative electron associated with a particle possessing an equal charge but 
of opposite sign, the combination forming a neutral pair of particles In 
traversing matter, the pair is liable to get broken up, with the result that the 
negative particle proceeds onwards, the 7 -ray now appears aB secondary 
cathode radiation A y-ray is supposed to arise by an electron picking up 
a positive particle which it encounters in traversing matter 
Now, if the positive particle has an appreciable maBS, the velocity of the 
pair of particles must be less than that of the negative electron before the 
pair was formed Consequently, when the pair is stripped of its positive 
particle, the velocity of the cathode ray proceeding onwards should be 
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smaller than its velocity before association with the positive particle If, for 
example, the mass of the positive particle is equal to that of the negative, the 
velocity of the secondary oathode radiation should be about 1 /^/ 2 , or about 
O'? of that of the /3-rays of radium In that case the maximum for the curve 
for the secondary cathode rays in fig 4 would be almost half-way between the 
xero and the maximum for the / 9 -rays of radium But since the curves show 
that the velocities are practically the same, it follows that the positive 
particle (if the neutral pairs are formed m the way described) must be small 
m comparison with that of the negative. 

If the mass of the positive particle is entirely electrical, it follows from the 
VOL. LXXXa—A. L 
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2 gt 

well-known equation m = g which connects the electrical mass with the 

charge and radius of particle, that the radius of the positive particle must 
be large in comparison with that of an electron This condition would be 
approximately fulfilled by a positive particle the diameter of which is equal 
to that of a molecule, hut whoBe mass is entirely electrical 

On the asther-pulse theory of the 7 -rays in its usual accepted form, the 
pulse is supposed to spread out 111 the form of a spherical shell with the 
generating electron as centre If the energy of an electron ejected by a 
7 -pulse is derived entucly from that of the pulse, its energy can only be 
a small fzaction of that of the pulse, and therefore of that of the electron 
which generated the pulse But this is contrary to experience 
To overcome this difficulty, Prof J J Thomson proposed a modified 
aether-pulse theory* According to this theory, the pulse is supposed to 
proceed in one direction only from the 1 adiatmg electron, and that the area 
of the wave front of the pulse lemains constant us the distance of the pulse 
from the electron increases The electron ejected by a pulse is therefore able 
to absorb the whole energy of the pulse, and if the whole eneigy of the 
Tadiating electron is transformed into pulse energy, the velocity of the 
secondary electron may be equal, or at least very nearly equal, to that of 
the electron which produced the pulse Prof Thomson also suggested that 
the wave front of a ray of light may be similarly lestucted 
It will be interesting in this connection to obtain an estimate of the 
thickness of a 7 -iay pulse If a iu\ of light and a 7 -pulso are identical m 
structure the interesting experiments of Ladenburgf on the velocity of the 
cathode rays ejected by ultra-violet light furnish data from which an 
estimate of the thickness of a 7 -pulse may be made This experimenter 
found that the product of the velocity of a beam of secondary cathode rays 
into the wave-length of the ultra-violet light producing it is constant An 
Approximate value of this constant for oui purpose is obtained by taking the 
velocity 2 xlO 7 cm /sec. foi the cathode lays fa value found by Lenard) to 
correspond to the wave-length 288p/t of ultra-violet light Therefore, 
if X denotes the thickness of a y-pulse, and we take the velocity of the 
/9-rays as 2 5 x 10 w cm /sec, we have X2*5 x 10 w « 218 ^ x 2 x 10 T , or 
X w 174/*/ixl0“ a From the last equation it will he seen that the 
thickness of a y-pulse is about one-thousandth of the wave-length of ultra* 
violet light. And since the wave-length of ultra-violet light ib about one 

* * Caaub. Phil Soc, Proa, 9 voL 14, part 4, p 417 
t ‘ Verb, <kr Dent, Fhys. Geselbcbaft,’ 1907, p. 507. 
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thousand times the diameter of a molecule, the thioknesB of a 7 -pulse is 
about equal to the diameter of a molecule 

Summary 

Part of the cathode radiation irom a plate exposed to the 7 -rays of radium 
consists of very soft rays which aie absorbed m 1 or 2 cm of air 

The softness of the ladiation is practically independent of the thickness 
of the radiator, and previous sifting of the 7 -rays through a thick screen 
The radiation appears to be considerably softer on the Bide of the radiating 
plate where the 7 -rays emerge than on the side where they enter 

Measurements of the softness of the radiation for radiators of different 
materials on the side where the 7 -rayfl entered showed that it is practically 
independent of the nature of the material of the radiator 

The soft radiation produced by the /3- and 7 -rays of radium together is of 
a more penetrating chaiacter than that produced by the 7 -rftys alone 

The penetrating cathode rays pioduced directly by the 7 -rayB have been 
shown to possess different velocities It was found that the penetrating 
power of the cathode radiation from a plate decreases with the increase of 
absorbability of the 7 -rAdmtion which pioducos it. 

The velocity of these secondary rays as a whole is, as a first approxima¬ 
tion, equal to that of the / 8 -rays of radium 

it gives me great pleasure to thank Prof Thomson tor las interest and 
advice during tins research 
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Determination of the Surface-tension of Water hy the Method of 

Jet-vibration. 

By Prof N Bohr (Copenhagen) 

(Commumoated by Sir W Ramsay, K.C B, F B S Received Jan. 12,—Read 

Jan 21, 1909) 

' (Abstract) 

In the present determination of the surface-tension of water the method 
of jet-vibration proposed by Lord Rayleigh is used, tins, method has the 
fundamental advantage that a perfectly fresh new-formed surface can be 
examined. 

In the theoretical part of this investigation it is shown how Lord Rayleigh’s 
theory of infinitely small vibrations of a jet of a non-viscid liquid can be 
supplemented by corrections for the influence of the finite amplitudes as well 
as for the viscosity 

In the experimental part it is shown how it seems to be possible, in a simple 
manner, to secure that the jet-piece used for the measurements satisfies the 
assumptions on which the theoretical development rests 

As the final result of the experiments, the author finds the surface-tension 
of water at 12° to be 73*23 dyne/cm 


The Origin of Osmotic Effects II .—Differential Septa 

By Henry E Armstrong, F R S 

(Received January 23,—Read January 28,1909) 
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The Specific Heats of Air and Cai'bon Dioxide at Atmospheric 
Pressure, by the Continuous Electrical Method, at 20° C and 
at 100° C. 

By W F G Swann, A R.C S, B Sc 

(Communicated by Prof H L Callendar, F R.8. Received October 8,—Read 

December 10, 1908) 

(Abstract) 

A steady stream of gas was passed through a jacketed tube (the calori¬ 
meter proper), m which it was heated by a current of electricity passing 
through a platinum coil of 1 ohm resistance, the rise m temperature being 
measured by two 12-ohm platinum thermometers used differentially 

If 0 is the electric current, E the potential difference between the ends of 
the heating coil, B0 the rise in temperature of the gas, Q the rate of flow of 
the gas in grammes per second, J the mechanical equivalent of heat, and S 
the specifac heat of the gas at constant pressure, the elementary theory of the 
experiment gives * 

CE = JSQSd+ASd, 

where A <50 is a term representing the heat loss by radiation, etc 

A similar experiment with a rate of flow about half the above value, and 
with the electric ourrent adjusted so that the nse m temperature was about 
the same as before, gave a second equation, so that h could be eliminated and 
S determined 

Before passing into the calorimeter the gas passed through a brass tube 
packed with copper gauze, the tube, together with the calorimeter jacket, 
being surrounded by another jacket through which steam or water could be 
passed, so that the gas entered the calorimeter proper at a constant 
temperature. 

The largest currents of gas through the apparatus were of the order of 
0 5 litre per second The rate of flow was kept constant by an automatic 
pressure regulator It was measured by passing the gas through 16 fine 
metal tubes arranged in parallel, and observing the pressure difference 
between their ends, the mean pressure, and the temperature The expression 
giving the rate of flow in terms of these quantities was found by a senes of 
experiments m which the gas was pumped into a reservoir of about 60 litres 
capacity, and then allowed to discharge through the apparatus By means 
of a special device, the times taken for certain quantities of gas to pass 
VOL. LXXXXL—A. U 
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through the apparatus wore recorded automatically while the gas wa& 
actually flowing, so that initial fluctuations weie avoided 

The value ot the electric current was obtained by measuring the potential 
difference set up at between the ends of a standard rosistam e coil, in terms 
of cadmium cells The heating effects of the leads of the heating coil were 
determined by experiments made under the exact conditions of the main 
expel iments. 

The rise in temperatuie in the mam experiments was about 3° C, and it 
was measured to 0 001° C Thus the specific heatB were measured practically 
at single temperatures instead of over large ranges 

In the paper the results of experiments made to test the validity of 
assuming the heat loss for a given ri8e m temperature to be independent of 
the rate of flow of the gas are recorded The matter is also examined from 
a theoretical standpoint, and corrections are calculated and applied where the 
assumptions made m the elementary theory are such as to lead to errors of 
more than about one part in 10,000 The corrections are small, only 
amounting to one or two paits in 1000 The full details of the various 
other precautions and corrections are given in the paper, and the mean of 
a large number of observations gave the following results — 

Air Carbon dioxide 

0 24173 cal per gramme degree at 20° C 0 20202 cal per gramme degree at 20° C 
0 24301 „ „ 100'C 022121 „ „ 100*C 

The several determinations agree in each case to about 15 parts per 1000,. 
and the mean results are probably correct to one part in 1000 

It is possible to make a comparison of the results with the values deduced, 
on theoretical considerations from Joly’B measurements of the specify heats 
at constant volume This comparison is made m the paper, and it is shown 
that the resultB agree nearer than to one part in 1000 m the * aaa of air, 
while in the oase of carbon dioxide the results agree to 1 j»er cent, wluoh is 
as near as oan be expected, in view of the fact that, in order to compare the 
results, extrapolations and interpolations have to be made over rather wide 
ranges of pressure and temperature, which is hardly justifiable m the ease of 
carbon dioxide 

The valueB of the specifio heats obtaiued by the author are greater by 
about 2 per cent than the corresponding values found by Ra gmuilt , and 
l^ter investigators who have employed methods similar in principle to tha t 
of Regnault An explanation of this fact is suggested in the paper It is 
shown that m Kegnault’s experiments, m virtue of the fact that the correc¬ 
tions for the heat conducted through the pipe connecting the heating bath 
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to the calorimeter were determined from experiments m which no gas was 
flowing through the pipe, the results obtained by him must be too low by 
a quantity which is uncertain to the extent of 5 per cent of the value of 
the specific heat In virtue of the form of connecting pipe used, the error 
probably amounts to something of the order of half this amount, which 
would bung the results into close agieement with the author's 

The work was carried out m Prof Callendar’s laboratory at the Imperial 
College of Science, and the method adopted was, in its mam features, the 
same as that employed by Prof Callendai for the determination of the 
specific heat of steam 


On the Deptession oj the Filament of Maximum Velocity m a 
Sti earn flowing through an Open Channel 
By A H Gibson, M Sc (Viet) 

(Communicated by Prof J E Petavel f FRS Received December 18, 1908,— 

Read January 14, 1909 ) 

When water flows with sinuous motion thiough a circular pipe the 
resistance introduced by the solid boundaries reduces the velocity of axial 
flow as the sides are appioached, this velocity being gieatest at the centre 
and least at the sides, as indicated by the transverse velocity curve of fig 1 
When flow takes place through a closed rectangular pipe, the same effect is 
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noticed, the transverse velocity curves and the curves joining points of equal 
velocity, or the contours ol equal velocity in a cross-section, being much 
as shown in fig 2 Here, again, the maximum velocity is found at the centre 
of the pipe 

From analogy with this latter case it might lie expected that when flow 
takes place through an open rectangular flume such as would be obtained 
by taking the portion of the rectangular pipe of fig 2 below the level AA', 
or indeed through an open channel of any ordinary section, the filament 
of maximum velocity would be found in the water surface and m the centre 
of the stream 

In the majority of eases the latter assumption is fairly well justified by 
the results of experiment, although in some instances two points of 
maximum velocity have been noticed, one on each side of and at some 
distance from the centre, Furthei reference to this point will lie made at 
a later stage of the paper 

Except, however, m the case of a broad, rapid, and shallow stream, it is 
found that this filament occurs at some depth below the surface Its depth 
varies somewhat with the direction of the wind and with the phjsical 
characteristics of the stream, and, on a calm day, usually ranges from about 
one-teuth to four-tenths of the depth of the stream 

This phenomenon of the depression of the filament of maximum velocity 
has been much discussed, and three theories have been propounded for ltB 
explanation 

In the first of these the surface him is supposed to act in much the same 
way as a solid boundary m producing retardation of the surface layers 
ThiB theory is, however, discounted by the fact that, even with a downstream 
wind of considerably greater velocity than the stream, the filament remains 
below the surface 

In a second theory it is suggested that 14 eddies of water, sttUed by contact 
with the bed, are thrown off and wander through ail parts of the stream, 
but finally accumulate and spread out at the surface, forming a layer of 
slowly moving water " As regards this there would appeal to be no special 
reason why eddies formed near the bottom of a stream should tend to 
wander upwards and finally stay on the surface And if this did happen, 
since according to the theory any given eddy would need to pass through 
all intermediate sections of the stream before reaching the surfaoe, it would 
be impressed with the mean axial velocity of each section m succession, and 
would finally reach the surface with a velocity greater than that of any 
intermediate section. 

The third theory suggests that, as the water is less constrained at the 
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surface than at any other point, irregular movements of all kinds are set 
up here and energy is therefore utilised in giving motions, not of translation, 
to the water * 

This suggestion is directly opposed to the fact brought out by Osborne 
Reynolds m his researches on the causes of instability of flow in water, viz, 
that unconstrained boundaries tend to stability, not to instability, of flow t 
The unsatisfactory nature of those theories led the author to an investi¬ 
gation of the question, and as a result of this the following explanation of 
the phenomenon is offered 

In any channel, however smooth its wetted perimeter may be, the velocity 
of forward flow is greatest near the centre and least near the sides and 
bottom, and if it were possible to obtain a state of affairs in which motion 
might take place m stream lines parallel to the axis of the stream, we 
should have, with steady flow along n straight reach of the channel, the 
velocity greatest m the surface and at the centre of the stream, and the 
water surface level from side to side 

In practice this is modified by the eddy formation which always takes 
place at the sides of the stream, and the phenomena in question would appear 
to be due almost entirely to the modification thus introduced 

A consideration of the process of eddy formation as it usually occurs at the 
sides of a stream shows that this involves the temporary existence of a 
region of less than normal pressure on the downstream side of the projection 
causing the eddy, and, as a result of this, where eddy formation is pro¬ 
ceeding continuously m a uniform stream with a bed which is horizontal 
from side to side, it is to be expected that the depth of water will m conse¬ 
quence be slightly less at the sides than at the centre The cross-sectiouai 
elevation of the surface thus becomes concave to the bed of the stream 
This curvature of the surface profile has been noticed by several observers, 
and was commented upon by Messrs. Humphrey s and Abbot in their report 
on the gauging of the Mississippi t 

The superelevation of the surface near the centre creates a tendency to 
a general outward flow fiom centie to sides of the channel, this, for 
permanence of r^we, being accompanied by an inward flow consisting of 
water projected m the form of eddies from the sides 
Now supposing an eddy, extending from the surface to the bottom, to break 
away from the side of a stream. Its forward velocity is somewhat less than 
that of the current in which it finds itself, the difference being greater the 

* Flamant, 4 Hydrauhque * 

t * Boy Inst. Proc1884, also 4 Scientific Papers, 1 vol' 2, p. 153. 

t Humphreys and Abbot, 4 Report on the Mississippi River 1 
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nearer the surface From a consideration of its direction of rotation 
and of the external forces acting on its mass in virtue of its rotation in 
a stream moving more rapidly than its mass centre, it appears that these 
tend to drive it towards the centre of the stream * This effect becomes 
greater as the relative velocity of the moss of water forming the eddy and of 
the passing current becomes greater, and will therefore increase from the 
bottom to the surface It follows that the drift of the “ eddy current ” will 
be greatest near the surfoco and least neai the bottom, and, as a nett result, 
that a system of transverse currents will be set up consisting of an inward 
surface drift from each side towards the centre, an outward drift over the 
lower portions of the stream, and, accompanying these, a downward current 
near the centre and an upward current near each side 

Since the inward surface drifts consist of water which has travelled up the 
sides and has come from the region of minimum velocity, the} will evidently 
have the effect of reducing the surface velocity and of depressing the filament 
of maximum velocity 

The sketches m figs 3 and 4 show respectively the directions of the trans¬ 
verse currents, and of the resultant motion of the stream, the full lines 
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«V, aa , m fig 4 representing the direction of the surface currents, and the 
dotted lines Vb\ bb t those of the bottom currents 
With a view of confirming these deductions, experiments were earned out 
on a small experimental channel in'the hydraulic laboratones of the Man¬ 
chester University , on a straight teach of the Mersey, a few hundred yaida 
below the county bridge at Northenden, and on two straight reaches of the 
Derbyshire and Peak Forest Canal near Marple 
In the case of the model channel, which has wooden sides and bottom, the 

* Obsei ration shows that whenever two eddies aie moving down stream with different 
velocities of drift, and at approximately the same distance from the side, the slower tends 
to move centre-wards relative to the faster Also that an eddy having greater velocity of 
drift than that of the current in which it finds itself always tends to move towards that 
side of the stream at which its direction of rotation would presume it to have been 
formed 
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current formation was examined by means of aniline dye introduced to 
various parts of the stream, and also by means of threads fixed to pins m the 
bottom and sides 

While the latter method did not prove very satisfactory owing to the 
weight of the threads when wetted, it did show a very definite surface drift 
from side towards centre, floating threads attached to the sides making an 
angle of about 5° with these The examination of the filaments of coloured 
water, however, showed the whole process very clearly and definitely proved 
the existence of the transverse currents 

The Mersey on the reach examined is practically straight, and has an 
almost uniform width of approximately 36 feet and a mean depth of about 
6 feet The flow throughout the reach appeared to be as nearly as possible 
uniform, with a mean surface velocity of about 3 feet per second In this 
case the sule-to-centre surface drift was veiy apparent. Of 10 float rods, 
6 inches m length, thrown into the stream at about 2 feet from either bank, 
eight arrived within 2 feet of the centieof the stream before having traversed 
more than 100 yards of the reach The observed behaviour of portions of 
water-logged leaves suspended in the stream offered substantial evidence of 
an upward current near the sides and of a downward current within a few 
feet of the centre on eaob side, but the dirty state of the water prevented the 
behaviour of such bodies being noted for a depth of more than about 6 inches 
The two reaches of the Peak Canal are each about 7 feet 6 inches wide 
and 5 feet deep, and were explored by means of weighted wax pellets 
These gave distinct evidence of an upward current at the sides, a current 
commencing about 1 inch below the surface towards the centre, and 
a downward current commencing about 2 5 feet from the sides Owing to 
the muddy character of the water it was impossible to follow the pellets to 
any considerable depth, and to note the depth of the return current, 
although their behaviour showed this to be present 

In addition to this direct experimental verification of the theory, much 
indirect evidence of its validity is available m that it explains several 
interesting phenomena which have been noted and are of importance in 
stream gauging, and for winch the reason has not hitherto been cleat 

Thus it is well known that the depth of the filament of maximum 
velocity— 

(rt) Depends on the physical condition of the channel, and increases as 
the roughness of the sides increases 

( b ) Depends on the depth of the stream, and especially on the ratio of 
depth to width, its depth increasing as the latter ratio increases 
In a wide shallow stream the filament is found m the surface. 
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(c) Is greater for any given vertical in a rectangular channel as that 

vertical approaches the side, and is at about mid depth near the 
side of such a channel 

(d) Depends on the velocity of flow, increasing os the latter diminishes 

Now it ib evident that since an increase in the roughness of the sides will 
tend to increase the surface depression at the sides, this, by increasing the 
head available for producing a transverse current, will increase the 
magnitude and the effect of this current and will tend to depress the 
filament of maximum velocity As the depth of the stream increases 
relatively to its width, the influence of the sides will increase, so that the 
effect will be the same as an increase in their roughness On the other hand, 
the roughness of the bottom tends to retard the transverse current without 
having any compensating effect, so that an increase in the roughness of the 
bottom as opposed to that of the sides of the channel tends to raise the 
filament of maximum velocity An increase m the width relatively to 
the depth of the stream will have the same effect, and with a very shallow 
wide stream the influence of the sides will be quite negligible. 

Also since the effect of the current will diminish as its distance from the 
sides increases, thiB explains the greater relative depression of the filament 
near the sides 

In a given channel with a given depth of water, an increase in the mean 
velocity of flow might reasonably be expected, as is found to be the case, to 
diminish the relative importance of the transverse current and hence to 
elevate the filament of maximum velocity. 

These points are well brought out in the published records of the gaugmgs 
of a very large number of rivers and channels by members of the U.S 
Geological Survey,* From these the results of a number of gaugmgs of the 
experimental canal of the Cornell University have been chosen in 
illustration These may be divided mto two groups, denoted by A and B 
The experiments m senes A were carried out with high velocities of flow 
and small depths of water, the mean velocity ranging from 2 06 to 316 feel 
per Becond, and the depth from 0 46 to 188 feet 

In series B the depths were greater and the velocities less, the depth 
longing from 6 0 to 9*5 feet and the velocity from 0 23 to 2 feet per second. 

The canal is of rectangular section, with concrete sides and bottom having 
a slope of 1 m 500, and has a width of 16 feet Velocity measurements 
were made in eight verticals in a cross-section by means of carefully 

* Da Geological Survey, 1 Water Supply and Irrigation Piper/ No 95, p 111. 
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calibrated current meters The tneter station iu senes A was 234 feet from 
the head of the canal and in senes B was 280 feet from the same point 
The curves in figs 5 and 6 show the vanations of velocity in a vertical 
plane m typical of these expenments, each plotted point giving the mean of 
all eight observations at that depth in the cross-section Here the curves of 
fig 5 refer to seneB A and those of fig 6 to senes B 
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The effect of a large ratio of width to depth m raising the filament of 
maximum velocity is evident from a comparison of the curves of fig 5 and 
of fig 6, while the effect of an increased velocity of flow in raising the 
filament is evident from a comparison of the several cutvob of fig 6. The 
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relationship between the velocity of flow and depth of filament, as obtained 
from the whole of the experiments of senes B, is as follows — 

Mean velocity of flow, feet per second 0 45 0 80 14 ^1*9 

Depth of filament of maximum velocity 0 44 h 0 42 h 0 34A 0 29 h 

where h is the depth of the stream 

The great difference between the several curves of fig 5 is probably 
accounted for by the fact that while m some oases discharge at the lower 
end of the canal was restricted by the partial closure of the outlet gates, m 
other cases it was free In experiments (f) and (/) a definite backwater 
was caused by the throttling of the outflow, and m these two cases it is 
definitely known that the flow at the meter section was being retarded In 
the other cases discharge is said to have been free, and judging by the low 
velocities of flow it is certain that the flow was still being accelerated at the 
meter section, except possibly m expenment ( G ) 

Before considering these curves further it may lie well to see whether an 
acceleration oi retardation of the flow, such as might occur m the one case 
in a contracted reach of a stream, or, m the other oase, above a weir or dam, 
is likely to have any effect on the position of the filament of maximum velocity 

This is evident if it be considered that since any*acceleration in the mean 
flow will be most strongly marked in the central portion of the stream, the 
surface level at any section which undergoes acceleration will fall to 
a greater extent at the centre than at the sides The converse holds if the 
flow is being retarded Thus any acceleration of the stream will tend to 
diminish, aud any retardation to increase, the formation of the transverse 
currents already desenbed This effect is very marked in the results of 
experiments (e) and (/) of series A, where, as compared with experiment (6), 
with about the same depth of water, the depth of the filament of maximum 
velocity is depressed 0 16A 

To test whether, after all, the transverse currents, when found, are not 
xnamly due to a retardation of the current, further experiments were earned 
out on the model channel at the Manchester University with both 
accelerated and retarded flow These showed conclusively that in this 
channel at all events the influence of the sides was the predominating factor 
producing the currents, these being substantially as already desenbed, with 
either type of flow 

Indeed, unless this is so, praotically all deep-mer gaugmgs, showing as 
they do a depression of the filament of maximum velocity, must have been 
inadvertently carried out under a retarded flow The improbability of this 
having been the case does not need any emphasis 
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A further verification of this conclusion is afforded by the gauging of the 
Farad flume of the Truckee River General Electric Company * This flume 
has timber sides and bottom, and was gauged at two cross-Bections 200 feet 
apart The width was 10 09 feet throughout The depth at the upper 
section was 5*98 feet, and at the lower section was 5 96 feet, while the 
filaineut of maximum velocity, this being the mean of the maxima m six 
verticals, had a depth of 0 504 at the upper and 0424 at the lower 
section, in spite of the slightly accelerated flow 

It would appear probable that in the comparatively few instances in 
which the filament of maximum velocity has been found to be m the surface 
of a river of any considerable depth tins is due to the gauging station 
having been fixed at a section undergoing a strongly accelerated flow 

The increasing depth of the filament as the sides ot the channel are 
approached is well shown in fig 7, which is an example of a gauging by 
Darcy of a i octangular channel 0 25 metro deep and 0 8 metre wide 



There is still another fact which strengthens the theory, and which will 
be made clearer by an examination of figs 8 and 9 These Bhow velocity 
curves obtained in horizontal sections of the Oornell Canal, the curveB in 
fig. 8 being examples of those obtained m the accelerated flow experiments 
of senes A, and those of fig 9 being samples of those obtained m senes B t 
From these it will be noted that while in series A (fig 8) the point of 
maximum velocity m a horizontal plane is approximately in the centre of the 
stream, the departure from this point being probably due to a greater 
roughness of one Bide of the channel^ in each of the curves of senes B there 
are two points in each section, one on each side of the centre, at which the 
velocity is greater than at the centre This point was brought out in each 
expenment of the senes 

* U 8 Geological Survey, ‘Water Supply and Irrigation Paper,* No 05, p ill 
+ * Water Supply and Irrigation Paper/ No 95, pp. 73 and 74 
X Thu fact is mentioned in the report 
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But this is precisely the effect which a vigorous system of cross currents, 
such as is shown m fig 3, would tend to produce, the central downward 
ourrent of slowly moving water causing the depression ot the centre of the 
curves of fig 9 On the other hand, m senes A the depth of stream was 
small and the action of the sides negligible, so that this phenomenon would 
not be expected 
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So far the channel has been assumed to be straight If it is curved, the 
state of affairs is further complicated by a current which, as shown by 
•TameB Thomson,* sweeps up the inner bank, and then, as a surface current, 
extends from the inner to the outer bank of the bend, thus spreading a layer 
of slowly moving water over the surface of the stream 

* ‘Boy Hoc. Proc.,' 1877, p. 868 
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Tins will have the effect of depressing the filament of maximum velocity 
by an amount which will be greatest at the inner bank, and will probably 
only be slightly felt at the outer bank In fact, it is probable that, owing to 
the sweeping of high-velocity water from the centre to the outer side of the 
stream, the filament ol maximum velocity at all points between the centre 
and outer bank will be in the surface This conclusion is confirmed by the 
published results of gaugmgs of the Oswego Kiver, at Battle Island, New 
York * these gaugmgs being taken in close proximity to a bend 

In the majority of nvers this action will sensibly modify the action of the 
sides and the distribution of the tiansveise currents 

Conchufums 

As a result of the investigation, the following points would appear to be 
well established — 

(1) The depression of the filament of maximum velocity in a straight reach 
of a river or canal is due to the action of Die sides of the channel in producing 
transverse currents inwards along the surface and outwards along the bed of 
the stream, thus distnbuting a layer of slowly moving water ovei the central 
portions of the stream 

(2) This effect is increased by a retardation and diminished by an 
acceleration of the flow, but, in the majority of cases in a s^eam of any 
considerable depth, is never so greatly diminished by an acceleration as not 
to be felt 

(8) In a curved channel this effect is modified by the formation of a 
transverse current, due to the centrifugal action of the water and extending 
over the surface from the inner to the outer bank, this current tending, on 
the whole, to depress the filament of maximum velocity at all points between 
the inner bank and the centre of the stream, and to elevate it at points 
between the centre and the outer bank 

* ‘ Water Supply and Irrigation Paper/ No 96, p 129 
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By H Stanley Allen, M A , B Sc, Senior Lecturer in Physics at King’s 

College, London 

(Communicated by Pi of H A Wilson, F B8 Received November 25, 1908,— 

Read January 21, 1909 ) 

1 Object and Method of the Experiments 

In a former paper* an account was given of the way in which the photo¬ 
electric activity of zinc diminishes when the metal is exposed to light from 
a Nernst lamp It was shown that the photo-electric activity at a time t 
from the commencement of an expemnent could be expressed by the 
formula 

I = Kjc-^ + Ktf-v 

In a typical experiment with a polished zinc plate the first exponential 
teim fell to half value in 4 9 minutes, the second m 94 mmuteB, the constants 
of change being \\ = 0 141 and \ a = 0 00737, Ki and K a were of the same 
older of magnitude * 

In an experiment with amalgated zme the first term fell to half value in 
42 minutesjecorresponding to Xi = 0 164, while the second term fell to half 
value in 167 minutes, corresponding to X a = 0 00414 , the >alue of Ki was 
about six times K a 

The experiments described in the present paper were carried out to 
determine whether the results were similar when using a source of light 
giving far more ultra-violet radiation thau the Nernst lamp A mercury- 
vapour lamp of fused quartz bj W C Heraeus, supplied with current by 
a battery of 50 accumulators, was employed t 

Photometric measurements with lamps of this kind have been made by 
K. Kiich and T Retschmsky in the laboratory of the makers { These 
experimenters examined the relation between the radiation from the lamp 
and the energy supplied both for visible and for ultra-violet radiation 
The economy curve was found to be of the same general character m the two 
cases 

The spectrum has been photographed and measured as far as wave- 

* ‘Roy ftoc Proc,’ A, vol 78, p 483, 1907 

t I am indebted to the Council of King’s College for a Treasury grant for the purchase 
of the lamp, and to the Government Grant Committee of the Royal Society for supplying 
the accumulators 

J 1 Am&alen der Pbysik 1 (4), vol 20, pp 563—583, 1906 
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length 3340 A U by J Stark,* using a three-priam spectroscope constructed 
of Jena ultra-violet glass 

[.December 23.—l)r T M Lowry has kindly photographed the spectrum of 
my lamp, using lenses and prism of quaitz With a short exposure a well- 
marked line spectrum was obtained, extending to about 2400 A U ] 

The emission m considerable quantity of waves of still shoitei wave* 
length is shown by the production of large amounts of ozone, rendering it 
necessary to place the lamp outside the loom m which work is being 
carried ou Lenardf has shown that the ozonising action is due to very 
short waves, having ft wave-length less than 2000 AU RegenerJ has 
shown that there is also a deozonismg action for certain waves, whose wave¬ 
length falls between 3000 A U. (absorption by glass) and 1850 A U 
(absorption by quart/) 

As legards the radiation from the HernBt lamp, I am informed by 
Mr W A Scoble, who has photographed the spectrum, that in no case was 
any effect produced beyond wave-length 2100 A U, and the results were 
comparatively faint from at least 2500 A U By fai the greatest photo¬ 
graphic effect was obtained in the visible violet and blue 
The method of experimenting was similar to that described in the 
previous paper, but the* testing cell, consisting of the zinc plato and 
a positively charged sheet of wire gauze, was in the open air instead of being 
enclosed in a brass case An electrometer of the Dolezalek type, givmg 
about 500 divisions per volt, was used to measure the leak across the gap 
between the gauze and the zme plato As the leak in some of these 
experiments was much larger than m those made with the Nernst lamp as 
a source of light, a parallel plate air condenser of adjustable capacity was 
constructed and connected with the electrometer so as to secure a convenient 
rate of deflexion of the needle The capacity of the electrometer and its 
connections was about 100 electrostatic units, by means of the condenser 
the capacity of the system could be increased up to about 1000 units 
The mercury lamp was started 20 minutes before the commencement of a 
senes of observations, so that it might have time to assume a steady state 
Headings of the current and voltage for the lamp were taken at intervals 
during the experiments, but the variations observed were inconsiderable 
(See, however, § 4) Observations of the rate of leak weie commenced one 
minute after the preparation of the plate and were continued at intervals of 
two minutes 

* 4 Annalen der Phyaik * (4), vol 16, pp 490—616, 1906 
+ ‘Annalen der Phyaik* (4), vol 1, p 486, 1800 
x 4 Annalen der Phymk' (4), vol 80, pp 1033—1046,1906 
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2 Remits of EoopenvmUs with Polished Zinc 
The experiments with polished zmc showed that the fatigue took plaoe in 
exactly the same manner when the plate was illuminated by the mercury 
vapour lamp as when a Nernat lamp was used as a source of light A 
typical experiment is represented by the lower curve in fig. 1, which is 
plotted on semi-loganthnuc paper The curve can be represented by the 
sum of two exponential terms, the first term* falling to half value in eight 



Fia 1 — Photo-electric Fatigue of Polished and Amalg amate d Zmc 

x Experiment made February 12, 1808, with polished zinc at 120 cm from mercury 
vapour lamp 

• Experiment made April 10, 1908, with amalgamated zmc at 68 cm. from mercury 
vapour lamp, 

minutes, the second m 100 minutes, the constants of change being 
Xi *= 0*0867 and Xs * 0*00698 Expressing the photo-electric current in 
soale divisions per second, Ki as 30, Kg = 40 In this experiment one 

* It should be noted that the constant of change for the first term, which is found fay a 
difference method, cannot be determined with the accuracy possible in the case of the 
second term. 
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division per second corresponded to 0 20 x lO" 12 ampere, so tliat if the 
current is in amperes, Ki = 6 x 10" 12 ampere, K a = 8 x 10“ u ampere 
The current is about twice as large as that in the experiment of August 7, 
1905, described in the former |>aper The greater activity of the mercury 
vapour lamp as compared with the Nernst lamp is nearly compensated for 
by the increased distance (120 cm ) from the source of light 

In another exjienment the zinc plate was only 6.1 cm from the mercury 
lamp In this case the fatigue was slightly more rapid, the first exponential 
term falling to half value in 6 8 minutes, the second in 76 minutes In 
scale divisions per second Ki as 26 and K a = 47, but as a capacity of about 
400 electrostatic units was employed with the electrometer, tho current was 
much greater than in the tormer experiment, Ki = 26 x 10~ 13 ampere* 
K a = 47 x 10" 12 ampere 

3 Results of Experimnit* with Amalgamated Zinc 

A typical iatigue curve for amalgamated zinc is shown in the diagram It 
is seen at once that this is similar m charactei to the eui ve for the polished 
metal In the present case we find that the first term falls to half value m 
3 2 minutes, the second in 96 minute-s, giving Xi = 0 217 and X 2 = 0 00722. 
The value of Ki is 47 x 10*' 12 ampere, and of Kj is 57 x 10~ 13 ampere 

Comparing these results with those obtained previously, when a Nernst 
lamp was employed instead of the mercury lamp, we notice that the second 
term changes a good deal more rapidly in this case, and that Ki and K fl are 
now of the same older of magnitude The slower rate of fatigue with the 
Nernst lamp may, perhaps, he attributed to the action of the waves of greater 
wave-length, described in the former paper This suggestion receives support 
from experiments made with the plate illuminated by the two sources of 
light at the same tune In these the fatigue took place more slowly than 
with the mercury lamp alone 

4 Minor Variations tn the Observations 

A close examination of the original curves here reproduced suggests the 
presence of small undulations superposed on the smooth exjionential curves 
These variations have a period of about 10 minutes Similar periodic 
changes in the rate of decay were observed in curves obtained when using a 
Nernst lamp as the source of light (see figs 3 and 4 of the formei paper) It 
does not appear probable that the fatigue really proceeds through a senes of 
small maximum and minimum values, though such periodic changes are not 
unknown For example, Ostwald has Bhown that the change involved m the 
VOL. LXXX11*—A. N 
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solution of certain varieties of chromium m dilute hydrochloric and sulphuric 
acids is oscillatory in character * 

The explanation of the small variations observed in my experiments is pro¬ 
bably to be found m the chaiacter of the source of light In both theNernst 
lamp and the mercury vapour lamp we may suppose that continual adjust¬ 
ment is taking place as regards the resistance and the potential difference 
between the terminals, causing a more or less regular fluctuation in the 
intensity of the emitted light 


5 Conclusion 

The photo-electric activity of a me plate decays m such a way that it can 
be represented as the sum of two exponential terms The constants of 
change are but little altered by considerable variations m the character and 
intensity of the illumination employed, though the value of the photo-electric 
current is changed considerably The rate at which the surface is altered is 
not greatly affected by using a mercury vapour lamp m place of a Nernst 
lamp 

Experiments with othoi metals are still in piogress 

In conclusion, I wish to express my thanks t<± Prof H A Wilson for 
advice during the course of Urn work 


* MeJIor, * Chemical Statics and Dynamics,’ pp 348— 362 
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The Mobilities of the Ions produced by Rontgen Rays in Gases 

and Vapours. 

By E M Wellisch, M.A (Sydney), Emmanuel College, Cambridge, Barker 
Graduate Scholar of the University of Sydney 

(Communicated by Prof Sir J J Thomson, F R S Received December 19, 1908, 
* —Read January 21, 1909 ) 

(Abstract) 

The velocities of the positive and negative ions produced by Rontgen rays 
in 4 gases and 15 vapours have been measmed at normal temperatures over 
a wide range of pleasures and undei different electuc intensities Langevm’s 
duect null method was employed throughout 

For a constant pressure the velocity of the ion was found to vary as the 
electric intensity 

It v as found that, m general, the mobility ( k ) of the ion varied inversely 
as the pressuie (p) In the case of nitrous oxide and carbon dioxide 
there was a slight tendency for the product pk to increase both for the 
positive and negative ions as the piessure was reduced below about 7 cm 
of mercury In the case of ethj 1 chloride there was a marked tendency for 
the product pk to docreaso as the vapour approached the satuiated state, 
there is reason to believe that this tendency for pk to decrease would appear 
in the case of all the vapours in the neighbourhood of the saturated state 

In the case of vapours there was, m general, little difference m the values 
of the positive and negative mobilities The mobility of the positive ion 
was found greater than that of the negative for aldehyde, ethyl alcohol, 
aoeton, sulphur dioxide, ethyl chloride, pentane, ethyl acetate, methyl 
bromide, and ethyl iodide 

There appeared to be no direct relation between mobilities and molecular 
weights, the smaller mobilities invariably belonged to gases possessing high 
critical temperatures (the vapours), the larger mobilities to gases with low 
critical temperatures. 

From the kinetic theory of gases an expression has been deduced for the 
mobility of an ion moving through a gaseous medium under the influence of 
an eieotnc field This expression takes into account the effect of the charge 
oamed by the ion on its mean free path and involves only known physical 
constants of the gas. 

As a result of the theoretical considerations, it appears that the 

H 2 
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experimental values of the mobilities in the different gases at various 
pressures, as well as certain observed deviations from the law connecting the 
mobility and gaseons pressure, can be explained approximately on the sup* 
position that the ion consists of a single molecule of the gas with which ib 
associated a charge equal to that earned by the monovalent ion in electrolysis 


The Leakage of Helium from Radio-active Minerals . 

By the Hon R J Strutt, F RS, Professor of Physics, Impenal College 
of Science, South Kensington 

(Received December 30, 1908,—Read January 21, 1909 ) 

In a paper published m * Roy Soc Proc / A, vol 81 (1908), p 272,1 
showed that phosphatised bones and similar materials were notably radio¬ 
active, and that helium could be detected in them The quantity of helium 
found was not, however, uniformly gi eater m the geologically older materials 
than in younger ones of equal activity This was hypothetically attributed 
to escape of helium in certain cases I desired if 'possible to obtain direct 
experimental confirmation of this conjecture 
It would clearly be impossible to detect leakage of helium from matenals 
such as the mineiahsed bones, even in a lifetime For any chance of success 
it was necessary to have recourse to the ores of uranium and thorium, m 
which the quantity of helium is something like 100,000 times greater 
The method of experimenting was to place a considerable quantity of the 
ore (usually a kilo or more) in a bottle provided with an exit tube and stop¬ 
cock and connected to a mercury pump The bottle was exhausted and the 
stopcock closed After the lapse of a definite interval of time, usually a day 
or more, a small quantity of oxygen was admitted to the bottle and then 
collected through the pump, carrying with it any helium which had come off 
from the mineral The oxygen was absorbed with melted phosphorus, leaving 
a small residue of helium, together with impurities. Any hydrogen 
present in the original gaB, which may have been liberated by radio-active 
decomposition of traces of moisture, was burnt along with the phosphorus, 
and thus got nd of The residue was transferred to an apparatus consisting 
of a McLeod gauge m connection with a reservoir containing charcoal. On 
cooling the charcoal with liquid air, helium v> as isolated, and the quantity 
could lie measured As a test of purity, the spectrum could be examined m 
the capillary measuring tube of the gauge, using external tinfoil electrodes. 
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I was astonished at the quantity of helium observed in the first experi¬ 
ments. It exceeded anticipation by hundreds, or even thousands, of times 
I shall not describe the experiments in the order m which they were made, 
but rather in that which seems to connect them best 

It was found that aftei a radio-active mineral had been powdered, helium 
was evolved from it, rapidly at first, then at a diminishing rate The following 
observations illustrate this 

A quantity (337 grammes) of monazite from the Transvaal was powdered 
and passed through a wire-gauze sieve of 120 threads to the inch. This took 
about one hour Immediately aftei wards it was put in a bottle and the air 
pumped out The rate of evolution of helium in cubic millimetres per day 
per kilo of material was as follows •— 


Time (dai») 

Bate 

0 031 

261 

0 59 

76 6 

1*6 

171 

26 

123 

46 

9 57 

106 

438 

§3 0 

114 


The first experiment was made as quickly aB possible, helium being 
collected for ono hour Times are measured from the moment when the 
powdering was half completed to half-way through the period of accumula¬ 
tion Naturally the first rapid variations can only be roughly investigated 
in this way. 

Leakage of helium from this sample is still continuing, and it is intended 
to watch its future course 

It will be observed that the whole quantity which has escaped while the 
mineral has been under observation is but an insignificant fraction (probably 
less than a 500th*) of the whole quantity present 
Mossf has observed that quantities up to 1 per cent of the helium 
contained in a mineral can be liberated by grinding m a vacuum. The 
present observations show that this is but the first rapid stage of a long- 
continued leakage of helium from the newly created surfaces. The view 
that heat generated m grinding is the important factor appears untenable, 
for in that case escape of helium should cease on cooling 

It is uncertain how long this evolution of helium continues, in all 

+ Thu sample of monazite was very poor in helium, containing only ^ ac per gramme 
t ‘Roy Dub, Soo. Trane./ voi 8, p. 
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probability, however, the period is prolonged and since the minority of 
radio-active materials can only be obtained in the form of pieces which have 
been broken off from their natural home a moderate number of years back, 
any observations made upon them are inconclusive as to the rate at which 
helium escapes when they are undisturbed m their original surroundings 

It was found, in fact, that pieces from the same stock of monazite, about 
the size of a lump of sugar, which had not been fractured since they came 
into my possession two years ago, evolved helium at the rate of 0002 emm 
per kilo of material per diem 

This rate, though quite insignificant in comparison with that exhibited by 
the powdered material, ib much in excess of the probable rate of generation 
of helium by radio-active change It follows that the present stores of 
helium could never have been accumulated had the present rate of evolution 
prevailed throughout the life-lnstory of the mineral 

With a view to testing a mineral more nearly in its natural condition, 
experiments were made on thoriamte, which occurs m gravels, m detached 
oubio crystals, washed out of their original matrix This, too, showed 
a considerable leakage of helium (0 069 c mm per kilo per diem) Tests were 
made at intervals over a considerable period The rate was found quite 
uniform, the volume of helium pumped out being proportional to the time of 
accumulation A second collection, made immediately after the first, yielded 
scarcely anything. It is difficult to account for this large evolution of 
helium from a mineral so nearly in its natural condition It was thought 
possible that an explanation might be found by supposing that the 
temperature of the laboratory (65° F) was somewhat higher than that of 
the natural surroundings of the mineral The latter must, however, be above 
the freezing point, and it was decided to test experimentally the rate of 
evolution at that temperature. The liottle containing the mineral was kept 
in ice for some days , under these conditions the helium leakage was reduced 
to about a quarter of its value at the higher temperature (0 018 emm per kilo 
per day) This is still greatly in excess of the rate of accumulation 

It seemed possible, though unlikely, that the mineral, when kept in 
a vacuum, lost helium which it would have retained at atmospheric pressure. 
To test this explanation, the bottle containing the mineral was left filled with 
oxygen up to atmospheric pressure At the close of several days the oxygen 
was pumped out, and absorbed with phosphorus The ordinary quantity of 
helium was obtained, the rate of escape being undimimshed. 

It was noticed that the surfaces of some of these crystals were somewhat 
weathered. With the idea that this might determine the escape of helium, 
another sample of thonanite much fresher in appearance was tested. The 
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rate of evolution in this case was only 0 0127, about one-fifth of that 
observed with the previous sample 

The majority of minerals allow water to percolate through them The 
effective superficial area must therefore much exceed the external surface 

It is probable that loss of helium occurs from the weathering of these 
intenor surfaces as well as from the external faces of the crystals Abrasion 
of the external surfaces by comparatively recent rolling in water-courses 
may have produced some effect. 

Under laboratory conditions the rate of escape of helium from minerals 
always far exceeds tho rate of production by radio-active change Therefore 
the conditions under which the life of the minerals has been mainly passed, 
deep down in the earth, where atmospheric agencies have no place, must be 
supposed more favourable to retention of helium, for otherwise the present 
accumulation could never have been formed The observations here recorded 
leave little room for surpnse that fossilised bones and other materials do not 
always contain as much helium as would be expected from their radio¬ 
activity and geological age 


On the Electricity of Ram and its Origin m Thunderstorms. 

By Geokge C Simpson, D Sc 

(Communicated by Dr Gilbert T Walker, F R S Received January 6,—Read 

February 4, 1909) 

(Abstract) 

During 1907-08 an investigation was undertaken at the Meteorological 
Office of the Government of India, Simla, into the electrical phenomena 
which acconlpany rain and thunderstorms. 

Two lines of research were adopted.— 

(a) A systematic record was obtained by means of self-registering 
instruments of the electricity brought down by the rain throughout one 
rainy season 

(ft) Laboratory experiments were made with the object of determining the 
source of the electricity of thunderstorms. 

The chief results of the first part of the work may be briefly summarised 
as follows*— 
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(1) The aggregate amount of rain which fell during the periods of rainfall 
investigated was 76 3 cm 

(2) The total quantity of positive electricity which fell on each square 
centimetre of surface was 22 3 electrostatic units, and of negative electricity 
7 6 units, thus 75 per cent of the electricity brought down by the ram 
was positive. 

(3) During 71 per cent of the time that charged ram fell the charge 
was positive 

(4) Considering that falling ram carrying a positive charge is equivalent 
to a positive current, and ram with a negative charge to a negative cunent, 
then positive currents greater than 300 x 10ampere per square centi 
metre were measured m six storms and negative currents greater than 
300 x 10~ u ampere per square centimetre were measured m two storms 

(5) In seven storms ram was recorded carrying greater positive charges 
than 6 electrostatic units per cubic centimetre of water, and m two 
storms a greater negative charge than this amount occurred 

(6) The heavier the lamfall the more the positively charged ram pre¬ 
ponderated over the negatively charged ram, and all rainfall which occurred 
at a greater rate than a millimetre in two minutes was positively charged 

(7) Light ram was more highly charged than heaty ram 

(8) The proportion of negative electricity brought down by the ram was 
slightly greater m the second than in the hist half of the storms 

(9) The potential gradient was more often negative than positive during ram 

(10) No relationship between the sign of the potential gradient and the 
sign of the electricity of the ram could be detected 

The laboratory experiments showed that when a large drop of water is 
broken up into small drops in the air the water becomes positively and the 
air negatively charged 

In the first series of experiments drops of water, each having a volume 
of 0*24 c.c., fell on to a vertical jet of air which broke them up into small 
drops It was found that under these circumstances the water of each drop, 
after having been broken up on the jet, earned & charge of 62 x 10~* 
electrostatic unit of positive electricity Further, it was found that the 
presence of an original charge on the drops did not alter the effect. Drops 
originally charged positively had their charges increased and drops charged 
negatively had their ohaiges decreased 

In the second series of expei imeiits water was introduoed through two 
small tubes into a vertioal current of air whioh earned the water upwards. 
Tart of the water which escaped from the air current was caught in an 
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insulated vessel and was found to be positively charged, the charge being 
16 x 10~ B electrostatic unit pei cubic centimetre of water 

In the third series of experiments drops of water were broken up in a 
similar manner to that employed m the first series, but within a com¬ 
partment from which the air could be drawn through an Ebert apparatus 
The result showed that the breaking of the drops caused an ionisation of 
the air The breaking of each (hop released 33 x 10“ 3 electrostatic unit 
of free negative ions and 11 x 10“* electrostatic uuit of free positive ions, 
the excess of negative ions corresponds to the positive charge retained by 
the watci 

In 1904 Pi of Lenaid* showed that drops of water having a greater 
diameter than 5 5 mm are unstable when falling through air and rapidly 
break up into smaller drops He also showed that all drop9 having a 
smaller diameter thau 6 6 mm have a final velocity when falling through 
still an of less than 8 metres a second Thus no water can fall through an 
ascending current of air having a velocity of 8 metres a Becond, for all 
drops less than 5 j mm m diameter are carried upwards, and all drops 
having a largei diameter quickly break up into smaller drops These facts, 
together with the resulte of the observations and experiments described 
above, have led to the formation of the following theory for the origin of the 
electricity ot thunderstorms 

It is exceedingly piobable that m all thunderstorms asoending currents 
greater than 8 meties a second occur Such currents are the Bource of 
large amounts of water which cannot fall through the asoending air Hence, 
at the top of the current, where the vertical velocity i£ reduced on account 
of the lateral motion of the air, there will be an accumulation of water 
This water will be m the form of drops wlnoh are continually going through 
the process of growiug from small drops into drops large enough to be 
broken Every time a drop breaks a separation of electricity takes place, 
the water receives a positive charge, and the atr a corresponding amount of 
negative ions The air carries away the negative ions, but leaves the 
positively charged water behind 

A given mass of water may be broken up many times before it falls, and 
m consequence may obtain a high positive charge. When this water 
finally reaches the ground it is recognised as positively charged ram. The 
ions which travel along with the air are rapidly absorbed by the cloud 
particles, and m time the cloud itself may become highly charged with 
negative electricity. Now within a highly electrified cloud there must be 
* Lenard, 1 Met £• it/ vol SI, p. S49,1904 
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rapid combination of the water drops, and from it considerable ram will 
fall, this ram will be negatively charged, and under suitable conditions both 
the charges on the ram and the rate of rainfall could be large 
A rough quantitative analysis shows that the order ot magnitude of the 
electnoal separation which accompanies the breaking of a drop ib sufficient 
to account for the electrical effects observed in the most violent thunder¬ 
storms. All the results of the observations of tho electricity of run 
described above are capable of explanation by the theory, which also agrees 
well with the actual meteorological phenomena observed dunng thunder¬ 
storms. 


The Tension of Metallic Films deposited by Electrolysis . 

By G Gerald Stonkt. 

(Communicated by the Hon C A Parsons, C B, V -F R S Received January 16, 

—Read February 4, 1909 ) 

It is well known that metallic films deposited electrolytioally are in many 
cases liable to peel off if deposited to any considerable thmlrnops This is 
the case with nickel which, when deposited over a certain t hic. 1mc*a, will 
curl up into beautiful close rolls, especially if it does not adhere very tightly 
to the body on which it is deposited For example, if a piece of glass is 
silvered by any of the usual silvering solutions, and then nickel is de posited 
on the silver, it is foupd that the nickel and Hilver peel off the glass in dose 
tight rolls almost at once In 'l’ractical Electro-Chemistry,' by Bertram 
Blount, reference is made on pp 114 and 272 to the tendency of nickel to 
peel off, and it is stated that it “ will peel—spontaneously and without 
assignable cause ” (p 272), but that a thick coating can be obtained by 
keeping the solution at between 50° and 90° C 

The late Earl of Rosso* tried, about 1865, to make flat mirrors by costing 
glass with silver ohenuoally, and then electroplating with copper, but he 
found that, owing to the "contraction" of the copper film, it became 
detached from the glass. I have had the same experience in protecting 
silver films in searohlight reflectors by a film of electio-deposited copper, 
it being found that if the film of copper is more than 001 mm tb^V pooling 
is apt to take place 

Dr Gore, FR.S., in papers in the * Phil Trans,’ m 1858 and 1862, found 
* ‘ Mature,’ Aug SO, 1908, p. 386 
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that antimony, when deposited, was in a very unstable state, and that it 
was liable to break to pieces by vibration or the local application of beat, 
this breaking to pieces being accompanied by the evolution of heat, and 
crackling sounds and cracks were found due to alterations in the cohesive 
state of the metal, while “in common with electro-deposits generally the 
inner and outer surfaces of those deposits are m unequal states of cohesive 
tension ”, and he concludes by saying, “ it would be interesting to enquire to 
what force of mode of physical action is the evolution of heat m antimony 
due ” In his book, * The Art of Electro-Metallurgy,’ he says, " In common 
with electro-deposits generally the inner and outer surfaces are in unequal 
states of cohesive tension, frequently m so great a degree as to rend the 
deposit extensively and raise it from the cathode in the foim of a curved 
sheet with its concave side towards the anode ” 

Dr E. J Mills, m a paper in the ‘ Proceedings of the Royal Society,’ 
1877, vol 26, on “ Electrostuction,” shows that when thermometer bulbs 
were coated electrolytically with metals, the mercury rose in the stem, 
proving that the metal was deposited in a state of strain, also that m the 
case of nickel and iron, when more than a certain thickness was deposited, 
the coat split He found that a pressure of 19 2 tons per square inch could 
be obtained with nickel, 18 2 with iron, 664 with silver, and 1085 with 
copper 

It seemed, therefore, that metals are deposited under tension, and if so 
that they should strain the material on which they were deposited so as to 
bend it, and that by the amount of this bending the tension under which 
they were deposited could be determined, and it was found that when 
nickel was deposited on one side of a thin sheet of metal very considerable 
bending took place. Thin steel rules, 102 mm long, 12 mm. wide, and 
0 82 mm. ttyick, were varnished on one side and coated with nickel from the 
usual bath of ammomo-sulphate of nickel, and it was found easy to get 
these bent to the extent of 3 to 4 ram. The thickness of the film was 
determined by weighing before and after coating, and was checked in the oase 
of some of the thicker films by micrometer measurements, the density of 
mokel being taken at 8 82, as given by Miller Owing to the evolution of 
hydrogen which always takes place, the amount deposited is considerably 
less than that due to the current used, generally only 50 to 60 per cent of 
the theoretical quantity, and therefore that method could not be used to 
determine the quantity of nickel deposited. 

The amount of bending, combined with the thickness of the deposit, 
enabled the tension under which it is deposited to be calculated For let 
a thin steel rule of thiokness d have deposited on it a layer of mokel of 
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©mall thickness U and let it be curved by the film of nickel to a radius r, 
neglecting the thickness of the rule, which is small in comparison with r, 
and taking moments for the steel, we have, b being the depth from the surface 
of the rule to the neutral axis, 

f° — (& — t) xdx s= 0, so tluLt b = , 

J d r 

and if P is the tension per unit area of section on the film of nickel, resolving 
horizontally, 

rov 

Pf = \^(b^x)Ac 

Jd r 


The ourvaturo was measured by the deflections z of the rule in a length l 
Thus r ss P/8 z Putting in this value for r , we have 




EA 


( 1 ) 


This equation is only true when the film of nickel is very thin, but since 
the properties of nickel closely resemble steel it is easy to allow for the 
thickness of the nickel film on the assumption thatjhe modulus of elasticity 
of nickel is the same as steel, and since this is approximately true for 
forged nickel,* and is theiefore probably true for deposited nickel, this 
assumption is allowable without serious error where the thickness of nickel 
deposited is moderate 

Thus, for any thickness of nickel deposited y , we have for a further 
thickness deposited Ay on increase of bending dz t and equation (1) becomes, 
the tension P being the same for the successive layers as they are laid on the 
curved surface, 


pa 1E ( — 

* Pdy ’ 

and, integrating this differential equation, 


P = (2) 


* Forged nickel I have found to have the same modulus of elasticity as steel, that is, 
2,100,000 kilogrammes per sq cm Prof Ewing, m ‘Stiength of Materials/ gives 
2,100,000 kilogrammes per sq cm as a mean value for carbon steel, which I have found 
oorrect for these rules, and this is independent of the quantity of carbon in the steel and 
whether it is tempered or not, t«, is the same approximately for mild steel and tool sfeeeL 
Nickel steels with from 3 to 5 per oent. of nickel have about the same modulus of 
elasticity as carbon steelB .Forged mckel as above has a tensile strength of 25 tons per 
square inch and a yield point of 16 tons per square inch, with an elongation of 10 per cent 
in 2 inches, or very similar to wrought iron. 
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The results given is the table are obtained from depositing nickel on a 
rule 102 mm long by 12 mm. wide 


Weight of 
nickel 
deposited 

Thickness 

of 

nickel 

Thickness 

of 

rule 

Bendiug 

in 

90 mm. 

Tension of nickel 

Kilos per Tons per 

sq cm sq inch 

gramme 

mm 

mm 

mm 



0*081 

0*0066 

1 O 31 

0 60 

3020 

10 2 

0 408 

0 0462 

O 81 

3 46 

2860 

18*2 

0 186 

0 0172 

0*82 

1 30 

2820 

18*0 

0 286 

0*0264 

0 32 

1 08 

2860 

18 2 

0 063 

0 0077 

0 81 

0 64 

asso 

18*0 

0 176 

0 0162 

0 81 

1 26 

8700 

17 2 

0 166 

0 0144* 

0 32 

0 48 

1280 

7*8 

0 330 

i 

0*0806+ 

0 32 

1 22 

1660 

0*0 


* Deposit rough owing to large current t Solution at 80—00° C 


The first six were deposited at a temperature of 10° to 15° C, and with 
currents varying from 0*05 to Oil ampere No 7 was with a current of 
0 22 ampeie at 12° C, and was very rough and granulated, but until the 
deposit began to get rough the current density did not affect the tension 
It is thus seen that a goad deposit has a tension of between 18 and 19 tons 
per square inch 

The last was deposited with 011 ampere at 80° to 90° C, and the tension 
obtained was much lower, and this reduction in the tension of the deposit 
probably accounts for what Mr Blount found, as mentioned before, that 
thick deposits of nickel were easier to obtain at higher temperatures 
I have not found tho strength of the nickel-plating solution to affect the 
tension tinder which the nickel is deposited 

It was also found on heating these rules to a red heat so as to anneal them 
that they straightened out to a considerable extent, the remaining deflection 
being only about one-third or one-half of the original 
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A Further Note on the Conversion of Diamond into Coke in High 
Vacuum by Cathode Mays 
By Alan A Campbell Swinton 

(Communicated by the Hon C A Parsons, C B, V -P R S Received January 28, 

—Read February 4, 1909 ) 

In a previous paper on this subject by the Hon Charles A Parsons and 
the writer,* experiments were described designed to ascertain whether any 
gas was emitted by diamond during its conversion into coke Two spectrum 
tubes were connected to the cathode ray furnace, in which the diamond was 
heated to destruction One of these was sealed oft just before and the 
other just after the conversion, but when the spectra of these two tubeB were 
photographed alongside one another the differences that existed did not 
appear sufficiently marked to determine w ith exactitude any variation in the 
nature of the gases present 

The present note has reference to fuithor and more detailed investigation 
made on the suggestion of Mr 1‘arsons by the wntei, with special regard 
to the possibility of diamonds containing neon, krypton, or other rare gas 
which would be emitted on the diamond being converted into coke 

As before, spectrum tubes connected with the cathode ray furnace were 
sealed off so as to contain samples of the residual gas before and after the 
conversion The spectra of these were compared both photographically and 
also by direct visual examination in the spectioscope, with the result that 
though differences were observed in regard to the relative brightness of 
various individual lines in the two spectra, careful observation showed that 
in no single instance was there any line in one spectrum that could not be 
obtained in the other by suitably adjusting the strength of the eleotnc 
discharge through the spectrum tube 

From this it would appear that the conversion of dm-mon d into coke, if 
it sets free any gas at all, at any rate does not liborate any other tV" one 
or more of the comparatively eommon gases that are generally found as 
residuals in cathode ray tubes exhausted from air in the ordinary way 

Though this is a negative result, it has been thought well to put it on 
record. 


* 'Roy Soo. Proo.,’ A, vol SO, pp 184-8 
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The Statistical Form of the Curve of Oscillation for the Radiation 
emitted by a Black Body 

By Prof H ahold A, Wilson, F RS, King’s College, London. 

(Received January 4,—Read February 25, 1909) 

The view adopted in the following paper is that the radiation from a black 
body is an irregular disturbance subject to statistical laws This view is, 
I believe, that now generally held * It is shown that these laws can be 
deduced from the observed distribution of energy m the Bpectrum and that 
they enable the general character of the disturbance to be described 

At any point in an actual spectrum of the radiation we have a large 
number of simple harmonic vibrations of arbitrary phases and various 
amplitudes The radiation may be regarded as the sum of all the simple 
vibrations in the spectrum The component vibrations may be regarded as 
continually varying, but the distribution of energy in the spectrum, when 
averaged over a short interval, remains constant 

Suppose that wo compound a large number n of simple harmonic 
vibrations all along the same line and of the same amplitude, but having 
phases distributed at random It is easy to calculate by the method given 
by Lord Rajleighf the chance that the displacement at any instant selected 
at random will lie between given limits, say y and y + dy It is 
where a denotes the amplitude of each of the components 
If we compound a number of such sets of vibrations and in the nth set 
denote the amplitude by a nt the number by n ny and the wave-length by X* ( 
the expression for the chance of a given displacement is 

7^na*)* y 

Let the energy m a vibration be Aa a /\ 8 , and let E* =s kn n a\l\? t Then m 
the spectrum of plane polarised radiation let ^>(X)dX denote the energy 
between \ and \+d\, so that E* corresponds with and 

$na *=I 

Hence 

• Of. Lermor, ‘Phil. Meg/ toI 10, p 674, 1906, Rayleigh, ‘Phil Mag,’ vol 11, 
p. 198,1906. 

+ ‘Theory of Sound,' rot 1, p. 39 
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is the chance that the displacement at any instant m the radiation lies 
between y and y + dy 

If y as a sin vt+ej denotes one of the component vibrations, then the 
amplitude of ~~ is a Hence the chance that d n yfdt* lies between p n 

and pn+dp* is where <y a = j X 8i ^ n) <fxtK The corre¬ 

sponding expressions for unpolansed radiation can easily be obtained in 
the usual way, but they have no special advantage 
It is more convenient for some purposes to consider y as a function of 
distance along the path of the radiation, which will be denoted by x Then 

^ =s v n , so that ty* for ^ is equal to @j)~ j 

Consider the average numbet («y) of times per centimetre tliat the 
curve y =/(£)» representing the radiation, cuts the line y as constant 
Evidently n y is given by the equation* 

for tiyy/ir dy/ci is the length per centimetre in dy occupied by the curve. 
Hence «o * ci/wcu Here 2/% may be called the mean wave-length of the 
radiation 

Let M y denote the average number of maxima in f(x) per square 
centimetre at a distance y from the x axis, and my denote the number of 
minima The number of times per centimetre that dfjdx vanishes is 
independent of y, hence 

My+wiy = Ae~ >*'''«* 

Ah ° 

Hence Mo = w«o and 

The number of zeros per centimetre in df/dx can be shown, in the — 
way as for /(«), to be c,/w«i, henoe 

— =s 2 f 2Uge~^dy or Mo ™ =~~~ 
irci J 0 zineiCi ) 

* Tin, la auunung that there is no correlation between dyjdx and y, whioh oan 
easily be verified. 
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Thus the distribution of maxima and minima can be determined from the 
o’s. In the same way the distribution of maxima and minima and the 
number of zeros per cenlimotie for any of the derivatives of /(*) can be 
found if desired 

In order to calculate the relative values of the c’s it will be convenient to 
take the distribution of energy m the spectrum to be represented by Planck’s 
formula 

4>(\) = A\"» l)-i, 


where 0 denotes the absolute temperature and A and * are constants whose 
approximate values are known This gives, putting *f\8 — s, 




A/^** +s r#"'dx 
*W J 0 (e*-1) 


The value of k is unknown, so we can only calculate relative values of the 
c’s The following table gives the values got by taking A/k = 1 and 


a = 1 46 — 


w 


j <V» lc„ 

0 

„ 0 8789 

8 580 

1 

r 7 529 s 

10 96 0 

a 

127 89 s 

30 8 0 

3 1 

8,8609* 

30 8 0 

4 

142,0009* 

45 00 

5 

0,890,000 9* 

53 7 0 

0 

343,000,00091 

03 3 0 


The larger values of c H+ i/c n are given almost exactly by the formula 
4303(2»+2 5) 

The mean wave-length (V) is equal to 2vc 0 /ci, hence \'8 = 0 73 The 
wave-length (X*), at which the energy in the speotrum is a maximum, is 
given by the well-known equation \J8 s= 0 294. Hence \'f\ — 25. 

The total number of maxima and minima in /(«) is very nearly double the 
number of zero values, and the number of points of inflexion is a little less 
than double the number of maxima and minima. 

Substituting the values found for c«, e h and e$ m the expression for M r , 
we get 

M y = l76(l+|)c-»*A>i*?w 
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The following table gives some values of M, — 


3f 

0*8760 

2 

t _ 

1 

i 

0 


1 

i -1 

^_ 

M, 

0 080 

j 0 584 

1 21 

1 98 

) 76 

j 0 77 

| 0-081 

JL__ _ 


The corresponding values of m y can be got by changing y into —y 

The distribution of the zero values of f(x) or its derivatives along a- can 
easily be obtained If N is the mean number of zeros per centimetre, then 
the number of spaces between two zeros greater than x is me -11 *, where * 
is the whole number of Bpaces considered 

Fig. 1 shows a cuive drawn so as to have approximately the statistical 
properties determined ubovo The spaces between the zeros maxima and 
minima and the amplitudes at the maxima and minima wore selected at 
random from collections having the proper statistical distributions 

It is important to consider under what circumstances such a curve will 
resemble the actual curve showing the displacements m a stream of radiation 



Suppose the black body consists of a box having a small hole m one side 
and that an image of this hole is focussed on the slit of a spectrometer 
The disturbance at any point on the slit is the sum of the disturbances 
oommg from an enormous number of radiating electrons on the walls of the 
inside of the box Suppose each electron emits a senes of more or less 
separate impulses, then if the number of electrons concerned is big enough, 
the displacement at a point on the slit will bo at any instant the Bum of a 
large number of displacements each due to one electron In tins ca s e the 
displacement will practically never be zero, because no impulses have 
amved, but only when the sum of the displacements in the impulses is 
zero This is the case to which the theory given above is intended to apply. 
In this ease, if a large number of short lengths of the displacement curve 
were selected at random, then most likely a great many of *•>»«»» would 
resemble the ourve shown m fig 1 In this sense this curve may be said to 
represent the character of the disturbance in the radiation 
If the distribution of the energy in the spectrum of the radiation emitted 
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by a single electron could be examined it might be found, when averaged 
over a long enough period, to be the same as that actually found, but we 
have no evidence as to this If the electron were freely moving about it 
would probably go through all the possible states of the electrons, and 
so would probably give the usual distribution of energy on the average 
over a long enough penod The theoiy given above is not intended to apply 
to this case 

The curve shown does equally well foi any temperature provided the scale 
of ju is taken to be proportional to the temperature and the scale of y 
inversely proportional to the temperature 

The theory given above applies of course equally well to the radiation 
emitted by any body or to ladiation having any kind of energy distribution 
in its spectrum 


Best Conditions for Photographic Enlargement of Small Solid 

Objects 

By A Mallock, F R S 

(Received January 26,—Read February 18, 1909) 

Having recently bad to photograph some small solids on an enlarged 
scale, I was led to enquire into the conditions as to the angular aperture 
and focal length of the lens which would give the best definition in the 
pictuie obtained 

If the actual distance apart of the closest points in the object which must 
be separated in the picture is greater than several wave-lengths of the light 
employed, the problem may be solved by geometrical optiCB 

Let /o = the principal focal length of the lens 

fx as /o+£ = the distance between some part of the object and the 
lens 

f% a / 0 +y a the focal length conjugate to/i 
D a diameter of lens* 

d a its resolving power, eg, the distance between the closest points 
which it can separate. 

a a the magnitude of the smallest detail m the objects which are to 
appear separated in the picture. 

o 2 
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Let b bb the greatest distanoe of any part of the object in front of or 
behind the focal plane through /i at which details of the 
magnitude a appear separated in the picture 
a', V = the quantities corresponding to a and b at conjugate focal plane 
through/*. 

To secure the best photographic result, a,fb must be a minimum 


Any point at /i is represented in its image at/a by a disc surrounded by 
faint nogs, and any point which is b out of focus is represented at f» by 
a circular patch of light whose diameter is approximately the sum of the 
diameters of the disc and the base of the cone, whose length is V and whose 
angle is D/(/»--6') 

The known relation between d, D, /i, and the wave-length of the light 
employed is d/fi — constant X/D There is, as pointed out by Lord 
Sayleigh, a certain peisonal element m the constant, different observers 
having different ideas as to what constitutes “ separation," but in any case it 
is not far from unity, and therefore we may, for the present purpose, put 
d = /iX/D, corresponding to a disc of diameter /*X/D at /» Hence the 
diameter of the patch of light on the focal plape at /*, which represents 

a point b, out of focus is b' j~ ^> + ^ Taking I) as a variable, this 
expression is a minimum when b' —= /a or 4? d, and this minimum 

/a—o 1) j\ 

diameter is therefore tyifl/fi and corresponds to magnitude 2d at the object 
In order that two such patches should not overlap in the photograph, their 
centres must not be within one diameter of one unother, and hence a cannot 
be less than 2d, thus showing that the lens should have twice the resolving 
power required to separate the detail which is to appear in the worst defined 
part of the picture 

Putting, therefore, a * 2d and (from the ordinary formule for lenses) 


xy as /«», we have l' — b whence V -y-Ii 


f»-b' 


b 26, and 


this must 


be equated to & d or § & From this it appears that 6 = a -A- and since 
Ji * J\ 2D 


D a* —A, b ss If a s« wave-lengths, b = Jn*X These are the 

relations between a and b which make a/6 a minimu m. 

If a is given, a lens should be used whose angular aperture (D//i) — 2X/a 
—a condition whioh can bo satisfied either by varying the <w.n.nfM of the 
object from the lens or by the use of a stop. Thus the greatest u depth of 



1909.] Photographic Enlargement of Small Solid Objects. 183 

focus" which can possibly be attained if details of the magnitude a are to 
show in the picture is ±a*/4X or *ft/4 

For example, suppose it is required to photograph a rough broken surface 
covered with markings as close as 10 f 000 per inch If these markings are to 
be distinct m every pait of the enlargement, what is the greatest permissible 
depth of the roughnesses, and what lens should be used i Since X is about 
1 /50000 mch and a = 0 0001, n = 5, and b s= X = 0 000125 inch If the 
focal plane is adjusted to be at the half depth of the roughnesses, the total 
depth over which separation of 1/10000 mch can be secured is 0 00025 inch. 

The choice of a lens will be settled merely by considerations of con¬ 
venience, having regard to the magnification required and the total area to 
be photographed, but whatever the actual size of the lens, the ratio of 
aperture to focus should be 2/5 If definition sufficient to separate 
thousandths of an inch were all tlint was wanted, wo should have 
b =s l , 2500 X(= 0 026 inch about) and I)//i should be 1/25 

Although this note was written with reference to the enlargement of 
small objects, the formula 1 apply to the ordinary photographs of objects at a 
distance 

Suppose a number of chess boards with 1 inch squares are set up at 
different distances from the camera, over what range can the squares be 
distinguished m the picture 7 Here a = 1 inch, so that v = 50,000 , 6, there¬ 
fore, * | x 2 5 x 10 9 X =b 6 25 x 10 8 X =s 1*25 x 10 4 inches, or 1000 feet nearly 
The angular aperture required (using the phrase in the photographer’s sense, 
viz, the angle subtended by the aperture at the plate)* will be found to 
be 2/25 

* Microscopic objectives are named from the distance of the lens to the object The 
focal lengths of photographic lenses, on the othei hand, are stated as the distance of the 
lens from the image 
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On the Spontaneous Crystallisation of Monochloracetic Acid and 
its Mixtures with Naphthalene . 

By H A Miers, F R S, and Miss F Isaac 

(Received January 26,—Read February 18, 1909) 

(Ahstiaot) 

The object for which the present investigation was undertaken was to 
etudy the spontaneous crystallisation of mixtures of two substances which 
form mixed crystals and possess a minimum, or eutectic, freezing point 
According to Cady,* naphthalene and inonochloracetic acid are Buch a pair 
of substances, and possess a minimum melting point of 53° 5 for the eutectic 
mixture of 29 4 per cent naphthalene, 70 6 per cent inonochloracetic acid 
We have attempted to verify Cady's freezing and melting point curves, but, 
although our experiments confirm the former, we were quite unable to 
verify the latter Pickering mentions four modifications of inonochloracetic 
acid.f and traces the freezing point cuives for three of them Oui study of 
mixtures of inonochloracetic acid and naphthalene has not given us the 
information we expected concerning the composition of the “ mixed crystals ” 
which separate spontaneously from a solution, but it has led to interesting 
results concerning the spontaneous crystallisation of the different modifica¬ 
tions of a substance dissolved m another substance which is not 
polymorphous 

The Jhffemit Modifications of Monochlomcelic A cut and their Mutual 

Transform alums 

Microscopic examination of crystals of monochloracetic acid obtained from 
fusion or solution show clearly that three different modifications a , ft and j 
of the acid exist These modifications have melting points 61° 5 , 55°, and 
50°, they are formed on the microscope slide under different circumstances, 
each modification yielding rhombs quite distinct from those of the two other 
modifications If fused monochloracetic acid be cooled suddenly it 
crystallises as the 7 -modification m rhombs having u plane angle of 
about 59° If these rhombs be touched they at once transform into the 
/ 8 -modification and give rhombs having a plane angle of about 72°, or 
occasionally the 7 -rhombs are transformed at once into the stable a-modifi- 
cation of the acid, which exists as broad needles having an acute angle of 

* * Journ. Phya. Chain / 1899, vol 3, p 127 
t ‘Journ Chem Soc./ 189ft, vol 67, p. 661 
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43° The transformation from 7 to a takes place much more rapidly than 
the transformation from 7 to /9 Similarly, if rhombs of 0 are formed on 
a microscope slide they may be at once transformed into the a-modification 
by inoculating with a fragment of * Each transformation is accompanied 
by a nse of temperature 1 A remarkable feature of the change is that the 
more stable modification crystallises with sharp edges iu the solid mass of 
the less stable substance, as though it were growing in a liquid 

Aqueous Solutions of Monothloracetic And 

The aqueous solutions were treated by the methods already employed for 
the various solutions and nurtures for which we have determined the super- 
solubility curves The changing constitution of tbe cooling stirred solution 
was traced by means of the refraotive index measuied by the method of total 
reflection within a prism lmineised m the solution As the temperature fell 
the refractive index of each solution was found to use until it reached 
a maximum, at this point a dense shower of ciystals appeared, accompanied 
by a fall in index and a rise of temperature It was found that for a given 
solution, if the shower of ciystalB was of the y-modification, the index 
attained a lnghei maximum, and the shower occuired at u lower temperature 
than for showers of the sf- or modification When the shower was of the 
^•modification the maximum index was higher and the temperature lower 
than for a shower of a-cry stale This indicates that the solutions become 
labile for the 7 -modification at lowei temperatures than for 0 and a, and at 
a lower temperature for the 0- than for the a-modification Long senes of 
experiments have enabled us to establish thiee supersolubility curves 
separating the labile and metastable regions corresponding to the modifi¬ 
cations a, 0, und 7 of the acid These supersolubility ciuves are separated 
from each other by intervals of 5° to 6 ° 

After a cooling solution has first given a shower of / 8 -crystals on the 
/S-supersolubility ourve, a second shower of «-crystals may occur, and the 
whole of the / 3 -crystals will be transformed into a-ciystals with nse of 
temperature Similarly, with a solution first giving a shower of 7 -crystals, 
on the 7 -supersolubility curve, a shower of /3-orystals usually occurs, 
with rise of temperature, and transformation into 0, and then, further, 
a shower of a-orystals may occur, with another rise of temperature, and 
transformation into « 

The three supersolubility curves have also been verified by an independent 
method. Aqueous solutions of varying concentrations were enclosed in 
sealed tubes and heated to about 80° until all the crystals had dissolved 
The tubes were then allowed to cool very gradually while they were shaken 
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continually in a water bath, and the temperature at whiota crystals first 
formed Spontaneously in each tube was noted Sometimes ^-crystals first 
separated, and sometimes / 8 - or 7 -orystals The temperatures at which the 
various modifications crystallised spontaneously in the tubes were found to 
agree very closely with the temperatures determined by the maximum index 
and spontaneous showers m the preceding experiments 

The solubility curves for three modifications of monochloracetic acid have 
already been traced by lhckermg these modifications he calls «, / 8 , and £, 
ho also obtained one point on the solubility curve for a fourth modification 
which he called 7 We have obtained the three solubility curves for 
the fi- t and 7 -iuodificatioDs b) an independent method which has 
been used 111 our previous work Solutions of known concentrations were 
enclosed in sealed tubes and were heated until all the crystals had dissolved 
except one or two very small crystals u Inch were preserved at the upper end 
of the tube The tubes were then allowed to coot gradually in a water bath 
while the enclosed crystals were watched with a lens The small crystals 
were seen to dissolve at first, but when the water b$*h had fallen to a certain 
temperature the aystals began to grow, their edges becoming quite sharp 
This is the tempeiature of saturation In this manner the solubility curves 
have been obtained for the three modifications *, /fif, and 7 of the acid The 
results obtained for the «- and / 8 -curves agree almost exactly with those of 
Pickering, also the point found by Pickering on the 7 -solubility curve 
coincides with the point on the 7 -Bolubility curve here determined, but no 
direct evidence has been obtained of the existence of the fourth solubility 
curve for the S-modification of the acid obtained by him 

M%duns of Monochloracetic Acid and Naphthalene 

The second part of this papei deals with mixtures of monochloracetic acid 
and naphthalene These substances Cady describes as forming mixed crystals 
and possessing a minimum outectic freezing point I 11 a long senes of experi¬ 
ments, howevei, we have nevei found any indication of mixed crystals The 
melting and freezing points of a large number of mixtures were carefully 
determined, but in no case was there found to be any appreciable difference 
between these temperatures, and microscopic experiments confirm this result 
The study of these mixtures, therefore, yields remits similar to those obtained 
for mixtures of solol and betel,* a new feature being introduced by the 
existence of the three modifications of monochloracetic acid 

The solubility curves for the mixtures of monochloracetic acid and 


* * Roy Soc Proc ,* A, vol. 79,1907 
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naphthalene were first determined by means of a precisely similar method 
to that described above 

Mixtures of various concentrations were enclosed in sealed tubes and the 
temperature of saturation noted by observing the point at which a small 
ihimersed crystal first begins to grow in the liquid nnxtuie In this way 
it has been found possible to trace four solubility curves, % e , the solubility 
curve for naphthalene in liquid monochloracetic acid, and the three solubility 
curves for the modihcations ot, j3 t and 7 of the acid m liquid naphthalene 
Each of these latter meets the naphthalene solubility curve in a eutectic 
point, the four solubility curves thus giving three eutectic points 

The supeisolubility curves have also been determined The melting points 
of these mixtures were too high to render the use of the goniometer con¬ 
venient Then refractive indices were, therefoio, not investigated, but the 
temperatures of spontaneous crystallisation were obseived 111 the manner 
mentioned above, by enclosing mixtures of known concentrations m sealed 
glass tubes and shaking the tubes continually os they cooled The tubes 
also con tamed fragments of glass or corundum to ensure faction 

In this way four supersolubihty curves for these mixtures have been 
determined, giving the highest temperatures at which naphthalene and the 
and 7 -modificationS of the acid form spontaneously m a liquid mixture 
It is thus possible for a given mixture to crystallise at four different 
temperatures on different occasions aocoidmg as naphthalene or the 
pr 7 -modification of the acid forms spontaneously within it 
The supersolubihty curve obtained for naphthalene intersects the three 
monochloracetic acid curves in three hypertectic points These points give 
the highest temperatures at which naphthalene and each modification of 
monochloracetic acid can crystallise spontaneously together. 

The four solubility and four supersolubihty cuives, when plotted on a 
diagram, show that m a mixture of two substances, one ot which exists in 
three modifications, no less than eight freezing points may be exhibited by a 
single cooling mixture 

This investigation has, therefore, shown that each modification of a poly¬ 
morphous substance possesses a definite and different temperature of 
spontaneous crystallisation m its mixtures with another substance which is 
not polymorphous 
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Note on the Stability of Jacobi's Ellipsoid 

By Sir G H Darwin, K C B, F R S 

(Received February 22,—Bead March 11, 1909) 

It is known that Maclaurm'e spheroid of rotating liquid becomes unstable 
when its eccentricity reaches the value sin 54° 21' 27" This is a foim of 
bifurcation, and ior increasing momentum the stability passes over to 
Jacobi's ellipsoid. It is possible to prove these results by the method 
applied by ine to the discussion of the stability of the pear-shaped figure 
of equilibi ium,* and it is worth while to do so, because we obtain thereby 
a verification of the complicated anal) sis used in the previous investigation, 
and because the senes which anse arc exactly similar to the former senes 
In vol 3 of my * Scientific Papers * I shall give a few details about the 
present analysis It will here suffice to say that it gives the known results 
correctly, and a good approximation to the form of Jacobi's ellipsoid 
M Liapounoff maintains that if, m considering the pear-shaped figure, I 
had taken more terms into account, the conclusion arrived at would have 
been reversed It is therefore woith while to examine the corresponding 
senes in the present precisely similar problem, in which a few terms are 
found to give good results Although, of course, we cannot thus prove the 
correctness of my former conclusion, as against M Liapounoff's contention, 
yet I think that this investigation tends to indicate that I was nght before 
In the case of Jacobi's ellipsoid there are two series proceeding pan pass'd,, 
viz, those depending on the zonal and on the fourth tesseral harmonics The 
reader is requested to refer to my former papers for the interpretation of 
the notation For these the results aie as follows — 

Zonal Harmonic* Fourth Tt**era1 Harmonic* 

Ratio of eaoh Ratio of «aeh 


t 

<B,)*/C,+i>,0] 

term to the 
next 

t 

<B,m<+[,,4] 

term to the 
next 

2 

87 2398 

87 

4 

8 8807 

10. 

4 

1*0077 

Ci 

6 

0 8862 

13 

0 

0 1554 

9 

8 

0 0268 

« 

8 

0 0170 

— 





In the case of the pear-shaped figure we need only consider the zonal 
terms, since the tesseral terms are clearly insignificant The result was 


* ‘Phil Trans / A, \ol 900 (1902), pp. 251-314, and vol 208 (1908), pp. 1—19 
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Batto of each 
term to the 

1 + 0] next 

2 - 0-000080868 — 

4 0 -000247274 3 0 

6 0-000062350 8 2 

6 0-000010576 3 1 

10 0 000000328 — 

We may conjecture that the uncomputed residue is about 0000003* 
The convergence is clearly slower than m the case of Jacobi's ellipsoid, but 
I cannot think that the senes can converge so slowly as to justify 
M Liapounoff 

It seems to me, then, that this present investigation should lead us to look 
with doubt on an argument adverse to the former conclusion 


On the Wave-lengths of Lines m the Secondary Spectrum of 

Hydrogen 

By Herbert Edmuoton Watson, B Sc (Lond ) 

(Communicated by Sir William Ramsay, K C B, F R.S Received February 12,— 

Read March 11, 1909) 

The spectrum of hydrogen is one which has engaged the attention of 
numerous observers from the year 1851 onwards Historically it is of gieat 
interest, firstly owing to the part it played in the controversy between 
Angstrom and Wtillner on the plurality of spectra, and secondly, because it 
was the first Bpectrum in which a relation between the wave-lengths of the 
lines composing it was discovered 

It is not proposed to discuss the origin of the two hydrogen spectra m this 
communication, as it has recently been done in a very complete manner by 
Dufour ,f the mam points at issue, however, may perhaps be briefly stated 

Wullner;{: who was the first to make detailed observations of the spectra 
of hydrogen under different conditions, described three spectra. The first 
consisted of three bright lines, the second of a number of bands, and the 
third of several bright lines mostly in the green This was disputed by 

* The absolute magnitudes of the numbers in the senes compared are very different, 
but this merely depends on the definitions chosen for the several harmonic functions, 
t ‘Ann. Chim Phys.,’ (8), voL 9, pp. 361—432, 1906. 
t ‘Phil Mag., 1 (4), voL 37, p 405, 1869, and vol 39, p. 865,1870 
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Angstrom * who maintained that one substance could have only one 
spectrum Hasselberg.t however, showed that though Wiillner’s third 
spectrum was due to impurity, yet the other two could always be obtained 
from one sample of hydrogen, their relative intensities alone varying The 
results of numerous investigations following this early work have given nse 
to two hypotheses firstly, that the primary Bpectrum is due to atomic, and 
the secondary to molecular, hydrogen, and secondly, that the primary 
spectrum arises from the presence of water vapour. Some observers also 
maintain that the secondary spectrum is due to impurities. The above- 
mentioned paper by Dufoui, howevei, seems to point very definitely to the 
correctness of the first hypothesis mentioned, inasmuch as he found that 
hydrogen prepared by several different methods and purified by diffusion 
through a hot platinum membrane gave the same spectrum in vacuum tubes 
of glass, silica, and fused boron tnoxide. In all cases, both the primary or 
stellar spectrum, and the secondary spectrum were seen Observations were 
also made at atmospheric pressure by means of an arc between electrodes of 
various carefully purified metals The results were the same as before, even 
when the tube was cooled in liquid air. The primary spectrum alone was 
pioduced in au atmosphere of water vapour, but was also found in a tube of 
dry hydrogen which had been standing m contact With phosphorus pentoxide 
for a long time, and hence the spectrum is not due solely to water vapour 
Other experiments upon the effects produced on the spectrum by a magnetic 
field, and the introduction of condensers into the circuit, led to the same 
conclusion, viz, that the primary spectrum is due to atomic, and the 
secondary to molecular, hydrogen 

The above brief abstract will show the stage winch has now been reached 
by experimental work on the origin of the two hydrogen spectra, and 
though, we are not definitely able to asset t that the conclusions drawn are 
correct, yet the data on the subject are extensive and sufficiently complete. 

When, however, we look upon the spectrum of hydiogen trorn another 
point of view, namely, that of the wave-lengths of the lines comprising it, it 
will at once be seen that the same completeness does not exist The lines of 
the primary spectrum have, it is true, been measured with accuracy by 
Ames,t and Evershed,§ but it must be remembered that, in spite of their 
importance owing to the relation between their wave-lengths discovered by 
Balmer,|| the number so far seen is only 29, and, of these, two-thirds occur 

* ‘Pogg Ann./ vol 144, p 300, 1871, and ‘Comptea Reudua/ vol 73, p 308, 1871 
t ‘Bull Acad Imp St Ftetcrsb./ vol 27, p. 97,1881 
J *PfaiL Mag/ vol 30, p 33,1890 

8 ‘Phil Trana./ A, voL 197, p 381,1901, and vol 201, p. 457,1903 
|| 1 Wied Ann / vol 86, p. 80, 1885. 
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only in stellar spectra. Moreover, the intensity of nearly all of them is 
very small when compared with that of many of the secondary lines seen in 
an ordinary hydrogen vacuum tube, so that in order to eliminate hydrogen 
from a spectrum, it is equally important to know the wave-lengths of the 
secondary lines. 

The classical research of Hasselberg * which has given us the most 
complete list of wave-lengths of the hydrogen lines we possess, is not 
sufficiently accurate for modern lequirements, especially in the red portion 
of the spectrum In the first place, the scale upon which the wave-lengths 
are based is that of Angstrom, and, in the second place, it is pointed out 
by Hasselberg himself that the effect of temperature changes was very 
great, and difficult to eliminate, two prisms of carbon disulphide having 
been used as the dispersive medium However, &b will be seen from the 
following table, the results are remarkably near to those obtained by more 
rehned apparatus 

The only other available measurements are those of Ames,f who gives 
61 of the ohief secondary lines between the green and ultra-violet regions, 
and of Frost,J who determined the wave-lengths of 90 hues between 
X4725 and X4368, the source being a helium tube which developed the 
hydrogen spectrum These measurements could not be continued owing to 
the tube running out In addition, Dufour gives a list of the wave-lengths 
of 125 lines from X4935 to X3652, but these determinations were made by 
means of a grating without a slit, and are only accurate bo half an 
Angstrom unit 

This want of data first attracted iny attention when measuring the 
spectrum of the lighter constituents of the atmosphere,§ which consisted 
partly of hydrogen. When working with the rare atmospheric gases it is 
very difficult to remove hydrogen from the electrodes of vacuum tuljes, and, 
moreover, there are cases in which it may be of advantage to have hydrogen 
present, in order to use its lines as standards Consequently, it is highly 
desirable that the wave-lengths of all the brightest lines in the secondary 
spectrum should be known as accurately as possible 
With this end ra view, the following experiments were made The gas 
to be examined was contained m a vacuum tube with aluminium electrodes, 
and having a quartz plate sealed on opposite the end of the capillary portion 

* i Hem. Acad. Imp. St Petersb / vol 31, p. 14,1883, and 4 Bull. Acad Imp ,* vol. 30, 
p. 14,188a 
t Log ott 

J 4 Astrophys, Journ / vo! 18, p 100,1902, 
g 4 Roy. Soc. Proc./ A, yd 80, p. 181, 1908, 
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In one case no hydrogen was put in the tube, but a new electrode was UBed, 
and the tube filled with moist air It was then pumped empty and a 
current passed A large quantity of hydrogen was produced, which was 
pumped off until the tube became phosphorescent The direction of the 
current was leversed, and thereby causing a further evolution of hydrogen 
After three exhaustions the tube was sealed off, and it was found that on 
running for a few hours the quantity of gas did not appreciably increase 
When a senes of photographs had been taken with this tube it was 
evacuated and filled with dry hydrogen made from palladium hydrogen, the 
pressure being about I mm At greater pressures the bnlliancy diminished 
The two senes of spectra obtained in this way were very similar, but the 
first one contained a considerably larger number of lines than the other 
These additional lines were always very weak, and could not be attnbuted 
to impurities, so that it seems probable that they wero merely made visible 
because of the slightly greater brilliancy of the first tube used, and no 
distinction is drawn between them and the otheis m the following table 
One plate, however, was obtained which showed a number of not very weak 
lines in the extreme ultra-violet, and several of these appear to tie identical 
with the stronger lines ocoumug m the spectrum of the oxyliydrogen flame 
given by Livemg and Dewar * I was unable to obtain them again 

The secondary spectrum of hydrogen consists of two puts, the first being 
composed of a large number of lines, which aie nearly all sharply defined, 
and which are particularly intense m the orange and violet regions 
Although plates were used which weie sensitive as far as X8000, no lines 
could be detected on the less lefrangible side of the C line, but, on the other 
hand, a considerable number were measured the wave-lengths of which were 
less than X 8646, the theoretical limit of the pmnaiy spectrum according to 
Balmerls formula. It is possible, however, that owing to the correspondence 
with Liveing and Dewar’s values just mentioned, the majority of those arise 
from the presence of water vapour The second part of the spectrum 
appears to be continuous, and extends from about A. 4570 to the extreme 
ultra-violet 

The lines of the primary spectrum were not especially brilliant, the 
intensity of the F line being about equal to, but certainly no greater than, 
that of the stronger secondary lines. Only eight primary hues could be 
seen at all, whereas Ames was able to measure 13. 

The tubes always contained mercury vapour, which was only very slowly 
absorbed by the electrodes, so that mercury lines were obtained on all the 
photographs, and the colour of the inoandescent gas waa a pale pi««V 
* 1 PhiL Tran*,' A, vol. 179, p. 87, 1888. 
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A current from an induction coil without a Leyden jar was used to 
illuminate the tubes, and exposures of 16 hours were given This was not 
really sufficient, as many of the weaker lines were hardly visible, and very 
difficult to measure, but it was found that not much advantage was to bo 
gamed by increasing the exposure beyond this time, as the temperature 
changes and vibration weie apt to produce a blurred image All the 
measurements were made in the first order of the Rowland Concave Grating 
at University College, the focal length of which is 10 feet, and which ib 
ruled with 14,438 lines to the inch. A quart/ condensing lens was used to 
foous the image of the capillary part of the tube on to the Bht, and an iron 
arc spectrum was photographed on each plate above the hydrogen 

Wratten Panchromatic plates, 25 cm long, were used, except when 
photographing beyond the C line, in which case Spectrum plates were 
employed 

Both the hydrogen and principal iron lines were measured twice on eaoh 
plate, and the wave-lengths of the latter calculated The differences of the 
values obtained in this way from the known iron wave-lengths were then 
plotted against the micrometer readings, and a curve thus obtained by 
means of which the wave-lengths of the hydrogen lines could be corrected 
for errors arising from the screw, etc At first, the wave-lengths-of the 
iron hues given by Kayser and Runge* wore used as standards But it was 
found that they were not sufficiently accurate, and finally, only the standard 
iron lines, given by Kayser,t and some of Rowland's standards were 
employed In several cases where the correction was not quite certain both 
the spectra were remeasured on a different part of the screw. 

No attempt was made to determine the absolute wave-lengtbH of the 
hydrogen lines from those ot the iron hues because of the probability of 
a lateral shift between the two spectra, but lines m the gas spectrum were 
themselves used as standards, those ohosen for the purpose being three 
primary hydrogen lines, and the yellow and green mercury lines From 
these, the wave-lengths of some second order mercury lines were determined, 
and used as standards w the ultra-violet 
The values adopted for the wave-lengths of these standard lines were — 

6568 05 8854 *96 

5760 86 3650 28 

0766 80 8131 *64 

(460 *68 8125 78 

4861 50 2655 26 

4868 46 2658*88 

4101*60 

* Watts, 4 Index of Spectra/ App O, p. 1,1888 
+ 4 Hand, der Spectroscopic/ vol. 1, p 728. 
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The G and F lines are Howland’s standard values, and the figure for H is 
the one recently given by Evershed* Some difficulty was experienced 
m obtaining reliable values for the yellow mercury lines, as those given by 
Kayser and Hungef differed by more than 03 A.U from the values 
actually obtained Consequently, a redetermination of the wave-lengtha of 
these hues was undertaken, a mercury lamp being used as the source of 
light, and the preliminary results confirmed those previously obtained with 
the hydrogen tubes However, before the investigation was completed, the 
required values were found in a paper by Hartmann^ in which the 
determinations of Fabry and Perot of the wave-lengths of the four chief 
mercury lines were reduced to Howland’s scale, and these values were 
consequently adopted The lines 3654 and 3650 are given by Ames,§ with 
whose values mine agree very closely, and the last four lines on the list 
were measured in the Beoond order It must be borne in mind, however, 
that these so-called standards were really more of the nature of checks upon 
the values obtained. Actually all the wave-lengths were calculated from 
those of the C and F lines by means of the iron standards, and it was only 
necessary to introduce a slight additional correction amounting at most to 
0 04 A.U. in order to obtain the most exact values 

Thu error in the measurements is difficult to estimate The numbers given 
m the table are, for the most part, the mean of three values obtained from 
three different plates, weighted according to the distinctness of the lme on 
the plate, although, as before mentioned, many of the very weak lines could 
only be seen on one plate, and in consequence, the liability to error of such 
is considerably greater than that of other lines Each plate was measured 
twice, the readings of one line rarely differing by more than 0*01 mm, 
corresponding to 0 05 A U, and the agreement between numbers given by 
different plates being fairly good. This correspondence really gives the best 
idea of the errors. Their extent may be seen from the following table, which 
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92 
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91 

89 

10 
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1 
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50 

52 
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44 

46 

46 
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82 

P 
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22 

20 

0 
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15 

15 
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67 

61 
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01 
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11 

18 

0 

26 

20 
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! 3 1 

36 | 

26 

26 
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01 

06 

69 

1 1 1 

*7 

82 

22 


* 1 Astrophys. Journvol 28, p 162,1908 
+ Watts, < Index of Spectm,’ App. D, p 17,1891 
't * Astrophys. Journvol 18, pp. 187-190, 1908 
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shows the decimal parts of 20 consecutive lines chosen, at random. The 
numbers in the first column denote the relative intensities, and it will be 
Been that the very weak lines are much more liable to error than the others 

The only line which caused difficulty owing to its strength was the C line, 
but its position was accurately determined by taking a number of readings. 

Table I gives a list of the lines measured, together with their relative 
intensities Tor the sake of comparison, Hasselberg's values are also given, 
but as they were on Angstiom's scale, the corrections given m Watts* 1 Index 
of Spectra/ App B, p 1, have been opplied to reduce them to Rowland's 
standard The second place of decimals has, however, not been altered owing 
to the uncertainty of the amount of such alteration Hasselberg's inten¬ 
sities have also been ranged from 0 to 10 instead of from 1 to 6. 

It will be noticed that Hasselberg gives a considerable number of lines in 
the yellow-green region which I have not observed It seems probable that 
ob his measurements in this part of the spectrum were visual, and the eye 
has a maximum of sensitiveness m this place, these additional lines were too 
weak to be recorded photographically, and, indeed, indications of several 
lines can be seen which are too weak to measure It may be, however, that, 
in view of the way m which the intensities of different parts ot the secondary 
spectrum vary, Hasselberg's tubes were of such dimensions, and were' filled 
at such pressures, that the yellow portion of the spectrum was brighter than 
in my experiments 

In the table, the values of Frost and Ames are included, and it will be 
seen that the agreement is very close 

Table II gives a list of the principal mercury lines which were measured, 
the values being deduoed from photographs m both the first and second 
^orders. The figures are very near those of Ames, and henee are probably 
rather more accurate than those of Kayser and Bunge, m spite of the “ limit 
of error " given by these obsei verts 

It will also be noticed that the intensities differ considerably from those 
previously published, a possible explanation being that my values were 
obtained for a mixture of mercury vapour aud hydrogem 

In conclusion, I should like to take this opportunity of offering my beat 
thanks to Sir William Ramsay for supplying me with a sample of pure 
♦hydrogen, and for the constant interest he has taken in this work. 
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Table 1—mtUmntd 
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Table I —continued 
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Table I— continued. 
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4 

4969 86 

0 

69 44 

8 

4797 14 

2 

07-06 

2 

4966 96 

1 

07 18 

4 

4794 11 

l 

98-07 

2 


61 42 

0 

4791*02 

0 

00-98 

1 

4966*90 

0 

67*02 

4 

4789 68 

1 

80-41 

1 

4966 94 

0 

66 92 

4 

4786 23 

1 

86-00 

1 


63-08 

0 

4785*08 

1 

84-74 

1 

4946*07 

0 

46 21 

0 



88 68 

0 


42*67 

0 

4781 12 

2 

80 77 

2 

4989*90 

0 

39 82 

2 

4777 60 

2 

77-86 

2 

4989 28 

0 





78-08 

0 

4986*29 

0 

! 36 70 

0 

4770 87 

0 

70 06 

0 

4984 48 

4 

84 44 

8 

i 4768 85 

0 



4988*68 

1 



4707 48 

0 

1 


4982 46 

1 | 

i 82 40 

2 

4768*90* 

3 

68 68 

a 

4928*66* 

6 

28 86 

8 

4768 72 

0 




26*74 

1 

4760*69 

1 



4924 20 

0 

24 48 

0 

4766 42 

0 



4919 80 

0 

19 82 

2 1 

4761 72 

0 



4909*00 ; 

1 

09*06 

2 i 

4748 66 

1 

45 68 

l 

4906*89 

1 

06 40 

2 

4742*90 

1 

42*80 

i 

4901 90 

0 

01*90 

0 

4742 *19 

0 



4901*08 

0 

01 14 

0 

4741 14 

1 

41*81 

0 

4696*69 

0 

96*66 

2 

4782*96 

0 



4891 44 

1 

; 91 86 

2 

4780*87 

1 



4886*77 

0 

1 88 68 

0 

4729*18 

0 



4886*62 

0 

80 86 

1 

i 

i 

4726*00 

2 




* inn, SOBS 2,8019 10,4078-8,4028 8,4878 1,4881 40, 4888 8,4787-0,4784-0 
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Table I —continued 


Ware. 

lehgth 

Inten¬ 

sity, 

Hweelberg 

Inten¬ 

sify 

Frost 

i Wat© 

length 

Xnten 

Mty 

Huaelberg 

jlnten 

ally 

Fmst 

4788 17 

6 

28 23 

4 

83 16 

4686 21 

0 




4781 76 

0 

21 88 

0 


4684 71 

1 




4719'18* 

6 

19 28 

6 

19 11 

4684*02 

0 




4714 10 

8 

14 *04 

9 


4682 79 

0 

82 83 

4 

82*78 

4711 17 

1 

11 £8 

0 


4681 70 

a 

81 68 

0 

81*75 

4709 68 

3 

09 62 

3 


4680 19*i 7 

p 80 24 

4 

80 21 

4708 70 

0 




1 4579 60 

l 



79 70 

4706 48 

0 




' 4678 22 

a 

77 92 

2 

78 22 

4702 '78 

1 

02 63 

0 


4670 07 

8 

76 60 

3 

70 08 

4698 18 

1 

92 12 

1 


4672 90 

6 

72 64 

0 

72 94 

4690 80 

8 

90 89 

a 

90*29 

4668 30 

7 

08 01 

0 

68 85 

4686 94 

8 

86 87 

i 


4665 80 

0 

65 18 

0 


4686 86 

1 

80 87 

i 


4603*88 

1 

03*00 

2 

08*90 

4684 79 

X 

84 57 

u 


4608 41 

2 

62 21 

a 

62*46 

4688-96* 

4 

88 00 

4 

88 97 

4661 28 

0 




4682 48 

8 

88 00 

a 


4600 40 

0 




4681 66 

0 




4668 09 

2d 

68 06 

2d 

08 *764 

4680 67 

1 

80 60 

2 


4657 43 

2d 

57 27 

2 

67 46 

4679-26 

2 

79 £0 

1 

79 89 

; 4504 84 

8 

64 13 

4 

64 28 

4676 41 

0 

76 48 

2 


, 4562 68 

0 




4674 62 

1 

74*08 

a 


! 4661*84 

0 




4678*26 

1 

78 41 

o 


i 4661 14 

2 

61 08 

a 

61 15 

4671 46 

* 

71*00 

2 

71 47 

| 4660 10 

1 

49*77 

0 

60*81 

4870-79 

1 




. 4648 13 

1 

47*89 

0 


4670*14 

0 




! 4647 87 

0 




4669-89 

1 




I 4643 87 

2 

48*07 

l 

48 89 

4667-90 

1 

07*90 

0 


4641 20 

0 



4607 23 

X 




{ 4639 85 

2 

89*19 

i | 

! 39 80 

4666-78 

a 

05 80 

8 


4688 61 

0 



! 38 48 

4662-94 

4 

08 15 

8 

02 96 

4537 *91 

0 

87 86 

i ! 

4681 66 

8 

01*04 

a 

01*04 

4680 00 

0 

i 

i 

4660-64 

a 

00 48 

l 

60 07 

1 4634 80* 

21 

84 52 

i 

84 *01rf 

4658 97 

° 




r 4534 88 

a j 

4 

4668-02 

0 


i 


> 4683 28 

2 

88 80 

1 

88*80 

4664 16 

1 


1 


1 4582 18 

0 



82*18 

4668 18 

4 

68 10 

1 8 

58 18 | 

i 4681 86 

0 



4860 60 

0 


1 


} 4529 20 

2 

88 87 

2 

29 87 

4649 61 

0 


i 

i 


4527 81 

0 


4846-74 

0 


i 


4627 27 

0 




4846 48 

1 

45 ao 

0 

40 01 

4624 31 

2 

88*82 

a 

24*89 

4884 77 

8 

84 40 

0 

84 77 

4628 87 , 

0 

28*07 

o 

4084 20* 

0 

88*90 

7 

84 21 

, 4621 -68 ! 

1 

81 ao 

o 

21*02 

4688-06 

0 

81 48 

0 

88*024 

. 4620 11 1 

0 


20*17 

4681 62 

8 




4619 27 : 

0 



4888 16 

6 

27*06 

f 6 

88 17 

4617 *02 

1 

I 



4886 68 

a 

85 14 


35 68 

i 4516 *69 

0 

16 68 { 

o 

1*71 

4680-90 

0 

20*74 

0 


4615 32 ] 

0 


4618 46 

8 

16 84 

; 4 

1 18*47 

4614 51 | 

0 


I 

14 48 

4817 69 

8 

17 *89 

4 


4518 *90 1 

0 

, 


4614 78 

0 




4612*99 

0 

. 



4018-19 

0 




4611 89 

a 




4807 66 

a 

07*44 

1 

07 66 

46X1 U 

2 

10 06 

0 

10*88 

4606 64 

l 




4609 29 1 

0 


08 12 

4696-68 

l 



98 78 





07*06 

4697 86 

i 




j 4600*80 | 

8 

05 08 

0 

05*80 

4698-01 

l 


i 


i t 



06*18 

4690-06 

0 


i 


! 5804 70 | 

0 



4688-66 

i 


1 

: 

I 4808-89 ! 

0 



08*06 


• Amaa, 4719 8,4688-96,4034 16,4680 1,4634 8 
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Table I —imtinved 


Wave 

length 

Inten¬ 

sity 

Hasselherg 

Intim 

•uty 

Frost 

|| 

! Wave 
length 

Inten¬ 

sity 

ilamclberg 

" 

Inten¬ 

sity 

Frost 

4602 84 

0 




M 

'1 4448 08 

0 

43 03 

0 


4602 a 

a 

01 8.1 

0 

02 17 

| 4441 58 

0 

41 42 

0 


4600 21 

0 




4488 61 

0 




4469 08 

0 




1 




37 77 

4468 75 

1 


I 96 69 

4486 17 

0 




4468 87* 

4 

98 16t 

4 

08 25 

4485 11 

0 





96 HI 

0 

95 57 

4484 48 

0 






93 12 

0 


4482 52 

0 




4498 86 

1 

03 43 

1 

98 84 

4431 01 

0 




4490 62 

6 

90 35 

4 

90 66 

4426 11 

1 

25 *91 

0 

26 13 



89 10 

0 


4425 83 

1 




4488*00 

3 

87 *71 

3 

88 0J 

4423 38 

id 

28 85 

0 

28 48 

4486 22 

3 

85 87 

3 

86 21 



22 76 

0 

22 86 

4482 26 

1 

81 85 

0 

82 19 

4421 23 

0 




4481 44 

0 




4420 48 

1 

20 27 

0 


4479 77 

0 

80 04 

0 


4419 6b 

1 

19 44 

0 


4479 18 

1 

78 05 

0 


4417 48 

2 

17 40 

3 

17 40 

4477 27 

2 

76 95 

1 

77*24 

. 4410 63 ] 

! 0 1 



16 43 



75 76 

0 


4415 26 

i 



15 10 

4474 42 

8 

74 11 

2 

74 42 

4414 39 

l 


1 

14 43 

4472 18 

1 

71*68 

0 


■ 4413 60 

1 i 



18 70 

4471 *70 

1 




4412 42* 

8 

12 37 

5 

12 47 

4468 86 

0 




4410 76 

i 

10 66 

1 


4467 80 

3 

06 93 

2 

67 88 

> 4404 80 

0 




4464 34 

Id 

68 80 

0 

64 19 

4401 77 

0 



01 79 

4461 14* 

6 

60 78 

4 

61 16 

4400 H9 

1 

00*92 

2 

00 94 

4469*02 

1 

58 85 

0 

58-97 

i 4398 30 

0 


1 

98*26 

4466 96 

2d 

56 80 

2 

56 91 

' 




98*02 

4466 98 

1 

55*67 

1 


4392 07 

Orf 



91 90 


54 86 

0 


4891 11 

1 

91 04 

2 

91 13 

4458 24 

Id 

52 94 

0 

53 22 

' 4889 20 

1 

89 28 

1 


4460*99 1 

1 

50 81 

0 


' I 


87 66 

0 

86*41 

4450*7 

1 

40 88 

1 

60 11 

1 4884 66 

0 




4448 20 

1 




4883 62 

o 




4447 78* 

4 

47 65 

4 

47 77 

'1 4381*68 

0 




4446*42 

3 

45 31 

2 

46 44 

4379 69 

1 

79 87 

2 


4444*42 

1 

44 24 

0 


• 4867*96 

0 





Wave¬ 

length 

i 

Hesselberg 

{ 

Ames 

i 

4842 07 

4 




16 

4340 60 

6 

40 06 

10 

40 66 



88 90 

4 



4886 70 

l 





4882*74 

1 





4880 41 

0 





4829 84 

0 




| 

4828*07 

0 




1 

4818*85 

0 


! 


i 

4818 16 

0 






Wave¬ 

length 


Himnlbwg 1 |j 

Ames 

| 

4811*90 

0 





4908 78 

0 





4806 41 

1 





4806*00 

0 



i 


4804*06 

1 





4808*60 

1 





4295 67 

0 





4279 58 

0 



i 


4268 48 

1 



i i 

4240*86 

0 





• Atom, 4408 78, 4401 1,4447 86, 44M 88 

f That* and the eueoeeding value* were the mult of photographic observation 
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Table I —continued 



£ 

1 

». 1 

£* ’ 



i 

\ 

£ 

Wave 

length 

I 

Haawjlberg 

i 

Ames 

§ ■ 

£ I 1 

Wave- S 
length | 

| Hamelberg 

i 

Asneft 

1 

A 


•a ! 


a 

A 


*s 


4343 06 1 

2 

48 33 

2 



4128*90 

0 





4887-81 | 

0 

86 62 

2 



4113 -74 

1 





4284 *08 

1 

88 86 

2 



4111 12 

Id 





4288 69 1 

2 

88 48 

2 



4110 24 

1 

10 23 

0 



4388 80 

Id 

82 72 

0 



4109 47 

1 

09 86 

0 



4281 28 

1 





4108*08 

Id 

08 14 

0 



4238-94 

0 







07 87 

0 



4387 66 

2 

27 43 

0 



4106 39 

2 

06 36 

0 



4224*68 

2 

24 49 

0 



4101 SO 

3 

01 98 

15 

01 *85 

10 

1 4224 10 

a 

28 96 

2 



4097*61 

2 

97 68 

1 



4323 70 

2 

22 56 

4 





96 64 

0 



4222 82 

2 

22 22 

4 



4096 24 

1 

96 13 

0 



4219*69 

1 





4096 61 

1 

95 69 

0 



4216 *aa 

0 





4069 01 

1 





4212*67 

6 

12 48 

6 

12*66 

7 

4067 91 

4 

87 89 

3 



4210*29 

3 

11*87 

0 



4086 89 

2 

86 88 

1 





10 11 

8 



4084 16 

0 

83*08r 

0 



4209 84 

a 

09 18 

2 



4082 68 

8 

82 66 

1 



4206 *67 

0 





4081*66 

1 

81 66 

1 



4207 71 

0 





4079-03 

8 

78-02* 

8 

79*0 

6 

4206 26 

1 

06*06 

1 



4074 26 

2 

74 38 

0 



4205 26 

8 

04*99 

10 

06 2 

8 

4078 12 

2 

78 11 

0 



4202 49 

0 





4071 89 

2 

71 42 

1 



4201 16 

1 





4069 80 

6 

69*87 

0 

69*75 

7 

4199*96 

3 

99 79 

6 



4007*06 

0 

87 10 

5 

87-0 

7 

4198 84 

1 

98 28 

2 



4066*75 

2 

66 39 

0 



4196 82 

8 

05 68 

6 

96 9 

6 

4068 78 

a 

68 87 

2 



4194 88 

0 





4062 64 

6 

62 77 

4 

62*0 

6 

4189 69 

1 





4069*47 

0 





4188*42 

0 





4067 71 

0 





4182 88 

4 

82 12 

4 



4066 66 

1 





4180*80 

8 

80*09 

4 



4066 46 

1 





4179 70 

2 

79 68 

2 



4061 48 

0 





4177 91 

2 

77 71 

8 



4048 58 

2 





4177 26 

6 

77*07 

10 

77 36 

8 

4048 *71 

8 





4176 88 

8 

76 11 

4 



4088 67 

0 





4171 46 

4 

71 26 

6 

71 86 

7 

4086 78 

1 





4168*80 

0 





4084 22 

0 





4167 72 

0 

67 67 

0 



4081 90 

Od 





4166 29 

1 

66 29 

1 



4028 46 

8 





4168*67 

2 

68 70 

1 



4027 60 

0 





4162*09 

2 

62*06 

8 



4026 76 

Od 

i 




4169 49 

1 

69 88 

2 



4024*86 

1 





4166*86 

2d 

66*62 

4 



4021 89 

Od 





4166*98 

0 





4019*07 

0 





4162 84 

0 





4009*70 

0 





4161 79 

0 





4008*96 

0 





4146 88 

1 

46*08 

0 



4006 10 

2 





4146*77 

1 

46 47 

0 



4006 67 

2 





4189*84 

0 





4002*60 

1 





4184*14 

1 





4000*99 

1 





4182 16 

1 





4000*29 

1 





4181 69 

: . i: 

1 












• Htwelberg'i line due to Hg 4077-99 
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Table I —continued 


W*TC 

length 

Intensity 

Afflft* 

Intensity 

Wave¬ 

length 

Intensity 

Ames 

Intensity* 

8097 28 


|Mjtt 

4 

8866-62 

0 



8098 *95 


HMfell 


3864 84 

1 



8098 86 


■ 


8868 86 

2 

68 8 

6 

8992 *00 

8 


4 

8661*69 

2 

01 7 

4f 

3091 28 

- 

umm 


8800 87 

1 



8900 17 

8 

■39 

6 

3860-05 

1 



8987 06 


87 0 

8 

8868-89 

Id 

68 86 

4 

8982 78 


82 75 

4 

3867 89 

1 



8978 94 

KM 



3861 41 

1 



8978 27 

Bl;: 



3649 46 

0 



8977 ‘08 

B9 



8886 69 

1 

86*6 

8 

8976 80 






35 6 

? 

8974 90 

0 



8812 90 

0 



8974 80 

. mm 



8809 18 

0 



8971 68 






04-9 

6 

3970 21 


70 25 

8 

8808-17 

8 

08 2 

4 

8968 81 

0 



8800 28 

0 



3068 21 


68 3 

8 

3799 20 

1 



8962 48 


62 4 

2 

3798 06 

0 

98 0 

P 


Kfl 



8797 -68 

1 

97 7 

4 

8066 86 

ft 



8796 73 

2 

96-8 

6 

8961-68 




8794 67 

1 



8960-72 

mm 



3791 68 

0 



8947 86 

0 



3764 80 

0 



8946 46 

X 

44 6 

8 

8777 22 

0 



8988 DO 

0 



8774 40 

0 



8928 60 

0 



8771-04 

1 

71 7 

8 

8927 82 






70 7 

0 

8924 67 

2 

24 6 

3 



70 3 

2 

8018 11 

0 



8764 77 

0 



8917 18 

0 



3751 98 

1 

52-05 

0 

8910 20 

0 



8741 40 

0 

41 8 

2 

8907-68 

0 





34 15 

0 

8906 61 

2 



3782 26 

1 

82 2 

8 

8902 76 

0 


1 

8722 27 

Od 

22 2 

2 

8889*66 

1 

80 8 

4 



21 8 

0 

3680 16 

2d 

89 15 

7 



16-06 

1 

8888-00 

1 





11 9 

P 

8886 42 

0 



3702 -21 

2 

02 8 

8 

8884 82 

1 



8700 20 

Od 



8882 19 

0 



3690 29 

1 1 



8879*78 

1 

79-7 

8 

8684 46 

4 

84 8 

6 

8878 79 




9682 20 

16 

82*06 

4 

8878-06 

Hk 


i 

8078 20 

o 



8877 48 

0 



8670-97 

0 1 

i 


8874-96 

0 



8074 62 

8 i 

74 6 

6 

8974-27 

1 



8678*70 

1 



8872 64 

2 

72-46 

4 

8666-02 

1 



8871-76 

8 

71-8 

: 6 

8066-26 

0 1 



8870-98 

Id 


i 

8064 24 

1 1 



8870-00 

1 



8062 68 

0 



8809 88 

1 

| 




! 44-8 

1 

886820 ! 

0 





! 88 6 

2 

8807 29 | 

i 

1 

67 2 

4 



! . 
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Table 1— continued. 


Xh Inten “ t y 

Limng | 
and Dewar 

Xntenmt) ! 

t 

14 ft! 
length 

Intensity 

1 

Ltvmng | 
and Dewar 

Intensity 

afiao 60 

1 



8091 89 

1 

1 

00 *6 


3472 65 

0 

71-0 


8090 86 

1 

89 8 


8306 *04 

1 



1080-76 

2 

89 3 


8863 64 

0 



3087 83 

0 d 

86 7 


8206 40 

0 

06 6 


8080 26 

0 

84 6 


8164 47 

0 d 

54*0 


8088 23 

1 

82 -0 


8180 44 

0 

29 0 


3081 56 

2 

81 0 


8120 42 

0 



3079 90 

1 

79 3 


8187 87 

0 

17 8 


8078 48 

1 

77*9 


8184 -90 

1 

24 6 

i 

2077 28 

0 



818 4-00 

0 

23 5 

1 

2974 42 

u 



8122 49 

1 

22 2 

r 

i 

2972 78 

Id 



8121 71 

0 

21 3 


2071 20 

0 d 



8110 78 

1 

19 2 


2968 44 

1 



8117 -70 

1 

17 4 

i 

2880 IS 

] 



3117 26 

0 

16-6 


2828 67 

1 



3113 37 

0 

12 8 

i 

i 

2827 28 

1 



3112*00 

0 

11 6 

i 

2824 76 

1 



8100 20 

0 

08 H 

1 

2804 66 

1 



3102 30 

0 

oi a 

i 

2698-97 

2 



8100-07 

0 

00 6 

J 

2661 77 

0 



8000 40 

0 

09-0 


2660 89 

0 



3006 20 

1 

96 8 


2689-90 

0 



3006 88 

0 

04 8 

! 

1 2488-96 

0 



8004-60 

0 

94 2 


2482 87 

0 



3092*81 

0 

92-0 







Table II —Wave-lengths of the Mercury Lines seen m the Spectrum. 


Wave 

length 

Intensity* 

Ware- 

length. 

Iuh-uaily j 

! 

Ware 

length 

1 

Intensity 

JUS 

6790 86 

8 

3668 40 

5 

3021-62 

6 

2662 14J 

8 

6769 80 

7 

3064-96 

6 l 

2967 42 

7 

2676 89 

0 

5480-98 

10 

8660 28 

9 1 

2926 52 

2 

2636-62 

1 

4916 88 

0 

3341 66 

4 

2898 74 

3 

2634 89 

8 

4868 40 

9 

3131*94 

9 

2847*88 

0 

2482 18 

% 

4889 87 

1 

3131 66 

2 

2803 62 

3 

2899 64 

0 

4077 09 

6 

3125-77 

7 

2752 97 

1 
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8 

3027 *64 

2 

2665 26 
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8984 16 

1 

8023 61 
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The Expulsion of Radio-active Mutter m the Radium 
Transformations 

By Sipney Buss, BSc, Demoustiator in PhyBios, and Walter Makowxr, 
BA, B.Sc, Assistant Leottuer and Demonstratoi in Physics in the 
University of Manchester 

(Communicated by Prof. E. Butherford, F R.S. Received March 18,—Read 

March 25, 1909) 

Introduction 

When the radium emanation is transformed into radium A, the piocess is 
nccornjianied by the emission of a-particles with a velocity of 1 TO x 10* cm 
|>er second * The portion of the atom from winch the a-paiticle has been 
emitted, which constitutes the radium A, must therefore lie subjected to 
considerable shock and lecoil in a direction opposite to that m winch the 
•-particle is projected If we furthei consider that the mass of the 
« particle is 4 (H se 1), and that of the active deposit of the older 100, it 
follows that at the moment of its formation this product must be travelling 
with a velocity of the order 10 7 cm per second In ordinary circumstances, 
when the emanation is mixed with air at atmospheric pleasure, the radium A 
particle will possess only sufficient energy to permit it to travel a fraction 
•of a millimetre before being stopped by collision with air molecules On the 
•other hand, at very low pressures, these particles should travel considerable 
distances without being stopped by the rarefied air, and oome to rest on the 
•enclosure containing the emanation. 

Since the formation of radium B from radium A is also accompanied by 
the expulsion of an a-partiole, it might also be expected that, at the moment 
•of its formation, the recoil of the radium B atom would cause it to travel an 
•appreciable distance through an evacuated space There is some evidence 
that radium B can escape from a surface which has been exposed to the 
radium emanation and which is therefore coated with a film of active 
■deposit^ Now since the volatilisation point of radium B is above 600° C, 
4 t seems unlikely that this phenomenon can be due to the volatility of 
radium B at ordinary temperatures as was at first suggested, and it may well 
be that the radium B leaves the surface os the result of the recoil when 
formed from radium A by the expulsion of an a-particle as has been 
suggested by Rutherford^ 

* Rutherford, ‘Phil. Mag.,' October, 1906 
t Him Brooke, * Nature,* July 91,1904, 
t Rutherford, ‘ Radio-activity,’ p. 99 s, 
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During the course of our work these experiments have been repeated by 
Hahn and Meitner,* who have shown that the phenomena are even more 
marked when a negatively charged plate is suspended over the active 
surface In the same paper evidence is given of the projection of radium C 
into the gas surrounding a surface coated with active deposit Both in that 
paper and in another.f evidence is adduced of similar phenomena with 
actinium and thorium 

The experiments to be described in this paper afford direct evidence of the 
recoil of radium A, radium B, and radium C, when formed respectively from 
the emanation, radium A, and radium B Although hitherto no direct 
experiments have been made to deteimine the distance which the radium A 




Fio 1 

atom can travel when shot off from the emanation, a rough estimate of this 
quantity has been deduced by Jackson} from some previous experiments on 
the method of transmission of the active deposit to the cathode.} It is well 
known that when radium emanatiou is exposed to an eleetne field the active 
deposit appears almost entirely on the cathode, indicating that, by some 
process which is not yet fully understood, the atom of radium A, when 
formed from the emanation, acquires a positive charge. Whatever view ia 
adopted as to the manner in which the charge is acquired, it is certain that 
the velooity of the radium A atom when shot off from the must 

be considerably diminished before a moderate electric field oan exert 
a directive mfiuenoe on it, and it has in fact been found that ali ke in the 
case of the active deposit from thorium,|| radium,f and actinium,** the 

* Otto Hahn and Lise Meitner, ' Verhandlungen der Deutachen Phymkaliechin 
Geaellacbaft,' XI Jahrgang, No. 3. 
t Otto Hahn, * Phyeikahanhe Zeitechnft,’ 10 Jahrgang, p. 61 
} Jackson, ‘ Phil MagNovember, 1806 
g Makowar, ‘ Phil. Mag.,' November, 1806 
|| Rutherford, 1 Phil Mag.,' (6), vol 48,1800. 
q Makowar, Joe. at 
•• Rum, * PhiL Mag,’ May, 1806. 
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electric field exerts practically no influence if the pressure of the gas with 
which the emanation is mixed ib sufficiently low Confining our attention to 
the case of radium, it has been calculated by Jackson* that, in the case 
considered by him, when the emanation is mixed with air at a pressure of 
1 cm of mercury, the atom of radium A travels 7 mm before it has made 
sufficient collisions with air molecules to allow it to be directed by the 
electric held It will be of interest to compare this estimate with the results 
of the present expeuments The case of the formation of radinm C from 
radium B is a somewhat different one from those just considered, for 
radium B does not emit «-particles,f but only ^-particles with low velocity $ 
The atom of radium V will therefore be set into far less violent motion when 
shot off from radium B than is the case either with radium A or B In 
spite of this circumstance, it will appear from experiments to be described 
later, that even in this case a radium C atom can travel a considerable 
distance through an evacuated space 


Tht Radiation of Rudmm A and B though a Vacuum 

We have seen that when radium A is produoed hom the emanation by the 
expulsion of an a-partiole, theie is reason to expect that the atom of 
radium A is projected with sufficient velocity to cause it to travel a con¬ 
siderable distance through an evacuated space The first object of these 
experiments, a preliminary account of which has already been given,§ was to 
obtain direct evidence of tins radiation of radium A through a vacuum 
For this purpose the apparatus shown m fig 1 was employed. A cylindrical 
glass vessel of length 40 cm and diameter i 7 cm. was closed at one end and 
provided with a ground glass stopper A, to which a brass disc D (diameter 
1*6 cm ) could be attached by a hook to a platinum wire P fused into the 
stopper A Before placing the disc D in position, a suitable quantity of 
radium emanation could be admitted into the vessel and condensed at the 
bottom by immersing the closed end of the tube m liquid air. The quantity 
•of this emanation could be estimated by means of a 7 -ray electroscope (E) 
situated near the apparatus. After a sufficient time had elapsed for the 
greater part of the emanation to be condensed, and for radio-active equi¬ 
librium to be set up, the apparatus was exhausted, first by a mechanical 

* Jackson, loe at, 

taW Schmidt, 1 Fhyeikakache Zeitachrift,* 1905, p 897 

l It has recently been suggested by Harvey that radium B emits o-partidea, but these 
teeutta require mibefcantiatioru— 4 PfayefkaHicha Zeitachrift,’ January, 1909 

§ Boas and Makower, * Nature,' January SI, 1909* 
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pump and then by means of a bulb C, contai nin g coooannt charcoal immersed 
in liquid air so as to remove us far as possible any emanation which might 
have escaped condensation Pure dry air was then re-admitted to the vessel* 
the disc D replaced in position and the vessel re-exhausted to as high 
a vacuum os possible by means of the charcoal 

Since we have condensed at the bottom of the tube the emanation 
together with its products ot disintegration, it will be seen that if the view 
put forward above is correct, the disc D is exposed to the bombardment of 
the particles of radium A and B and possibly radium C, os they are 
successively formed, the one from the other On removing the disc I) and 
testing its activity by measuring the a-radiatton given off from it m the 
ordinary way with a quadrant electrometer, the side of the plate exposed to 
the radiation should be found to be radio-active Thu was m fact always 
found to be the case. Now this m itself would afford no evidence of the 
effect sought, for it is well known that when a large quantity of radium 
emanation is condensed in liquid air, the condensation is by no means 
complete, and there always exists in the vessel, above the condensed 
emanation, a considerable quantity of emanation in the gaseous stale. 
A plate situated above the emanation as described above must therefore of 
necessity become radio active on this account But it was always found that 
the activity ot the surface of the plate facing the emanation was greater 
than that of the opposite side, and it seems quite certain that thu excess of 
activity u due to the direct radiation of the active deposit on to the plate. 
The ratio of the activity of the surface turned towards the emanation to that 
turned away from it has boen found, under suitable conditions, to be as great 
as 50 to 1. The exact ratio obtained depends, of course, on a vaiiety of 
experimental conditions, but in all circumstances the activity of the surface 
of the plate turned towards the emanation exceeded that of the reverse Bide. 
Moreover, by interposing a screen between the emanation and the plate, the 
excess activity collected on the surface of the plate turned towards the 
emanation could be completely obliterated 
A further experiment was tried of attaching to the bottom of the tube 
ahown in fig 1 a nairow tube 3‘8 cm long and 2 mm. diameter The 
emanation was then condensed in the narrow tube and the plate again 
exposed to the radiation from the emanation. Although the surface of the 
disc turned towards the emanation (henceforth called the front of the due) 
was always more active than that turned away (henceforth called the back 
of the disc), the excess of activity was greatly diminished, as might have 
been anticipated, for in this case toe aperture through which the radiation 
could reach the plate was greatly rednoed. 
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These experiments were earned out with different quantities of emanation, 
and the results are given in Table 1 The quantity of emanation is expressed 
in terms of the amount of emanation which would to m equilibrium with 
a definite number of milligrammes of radium bromide The expenments were 
all made at pressures less than 0 01 mm of mercury, and the time of 
exposure of the discs u as 40 minutes 

Table I 


I 

Milligramme* of 
3UBr 3 in equilibrium 
with emanation used 

II 

Activity on front of 
due in arbitrary 
UUltfl 

111 

Activity on 
book of due ! 

1 

IV 

Exoeta of front 
over bock 

16 36 

2004 

805 

1109 

7 12 

1010 

785 

226 

3 44 

528 

842 

166 

1 64 

251 

196 

65 

0 86 

67 

82 

25 


It will be noticed that, although the excess of the activity of the front of 
the disc over that on the back was not as marked as m previous experiments 
with a larger aperture through which radiation could take place, there was 
always an appreciably greater activity on the front than on the back, no 
mattei what quantity of emanation was used 

Tht Vapou) Pi cmi.i i of tin Emanation 

The early experiments were carried out with the emanation from 30 or 
40 milligrammes of radium bromide in order to get as large an effect as 
possible t but although the radiation increased with the quantity of 
emanation used, it was soon found to be more advantageous to work with 
considerably smaller quantities, on account of the large quantity of uncon¬ 
densed emanation existing above the liquefied emanation when woikmg with 
these large quantities* In fact, the emanation when liquefied does not 
behave as an ordinary liquid, exerting a constant vapour pressure undei 
constant conditions of temperature and pressure, hut the apparent vapour 
pressure depends upon the quantity of emauation condensed. Although no 
complete investigation of this rathei remaikable phenomenon was at the 
time possible, a few expenments were made to see what quantity of 
emanation would give as small a “ vapour pressure ” as possible, consistent 
with the condition of giving a measurable radiation of active deposit particles 
As there appear to be no available data on the variation of the apparent 
vapour pressure of radium emanation with the quantity used, it seems 
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desirable to give the results of some experiments which have been made on 
the subject Reference to column III of Table I shows the variation of the 
vapour pressure with the quantity of emanation used, for the activity which 
reaches the back of the plate is due entirely to the uncondensed emanation 
present m the apparatus The activity of the back of the plate after 
removal therefore gives an estimate m arbitrary units of the quantity of 
uncondensed emanation It will be seen that by diminishing the quantity 
of emanation from 16 35 to 0*86 milligrammes, the apparent vapour pressure 
is reduced to about one-thirtieth 

A lew experiments were next made to determine in absolute measure the 
quantity of emanation remaining uncondensed above different quantities of 
liquefied emanation For this purpose the emanation from a known quantity 
of radium was oondensed m a U-tube immersed in liquid air The emanation 
was first condensed in the U-tube and sufficient time allowed to elapse for 
radio-active equilibrium to be set up The quantity of emanation so con¬ 
densed was measured by an adjacent 7 -ray electroscope which had previously 
been calibrated. The U-tube was then connected to a mercury reservoir of 
86 4 c c capacity and exhausted to a pressure less than 0 01 mm of mercury 
After some hours the meroury reservoir was disconnected from the U-tube 
and the emanation in the reservoir forced into a small glass bulb After 
radio-active equilibrium had been established, the quantity of emanation in 
the bulb was measured by comparing the 7 -radiation from the bulb with that 
from a standard quantity of ladiuxn The results obtained are given in 


Table II 


Table II 


Milluprammoa of BaBr s in 
equilibrium with emulation 

Milligrammes of BaBr s in 
equilibrium with emanation 

condensed 

Yipour per c 0 

44 4 

00026 

82 S 

0 00126 

10 6 

000066 

6 18 

00007* 


* Thu observation u l«n reliable than the othere, m the meaeuremest of the quantity of 
emanation in the bulb wai made two and a* hall weeks after filling A large oorreotum had 
therefore to bo applied for the decay of the emanation during the interval 


No doubt the apparent vapour pressure of the eman ati on may d epend on 
a variety of conditions not here investigated, but altho ugh the 
quoted are few and the conditions unvaried, they suffice to jndmto that the 
quantity of uncondensed emanation above the liquid may be considerable 
when working with large quantities of emanation. On this aocount it was 
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decided to work with as small quantities of emanation as possible m 
subsequent experiments. 

The Decrease in Radiation mth Distance from, the Source. 

When some radium emanation is condensed at the bottom of the tube 
{fig 1), the activity acquired by the front of the disc D should depend upon 
its distance from the emanation It was found difficult to condense the 
emanation at the bottom of the tube, for when the tube was immersed in 
liquid air the emanation tended to condense in a fluorescent ring round the 
•tube on a level with the surface of the liquid air In the experiments to be 
described, the end of the tube was immersed in liquid air to a depth of 
1 or 2 cm and maintained nearly at a constant level, and the assumption 
made that all the emanation was condensed in a ring at this level The 
•disc D was suspended at different distances above the emanation and 
measurement made of the activity acquired by it in half an hour, when 
at different distances from the condensed emanation. During these exposures 
the pressure was adjusted to 0 037 mm of mercury The results obtained 
are given m Table III As might have been expected, the activity acquired 
by the disc varied roughly inversely as the square of the distance from the 
.emanation. 

Table III 


Pittance of disc m 
oentunetrei from 
eondented emanation 
d 

Activity of duo after 
i hour eipoBure 

Ad* 

4*7 

688 

14,100 

8 8 

187 

14,600 

18 6 

77 8 

14,200 

17 26 

02 9 

18,700 

SO 3 

48 l 

17,800 


In making these observations, a difficulty was encountered which made 
itself felt throughout the experiments with the emanation In order to 
remove the brass disc from the apparatus to test its activity, it was necessary 
to fill the apparatus with air to atmospheric pressure and then to re-exhaust 
After replacing the disc to be tested, by another similar one. If during this 
process the least trace of moisture or other impurity capable of being con¬ 
densed in liquid cur was accidentally admitted to the apparatus, this impurity 
.condensed in a thin film over the surface of the liquid emanation and caused 
a diminution of the radiation emitted. An exceedingly minute quantity of 
auch impurity is sufficient to produce a large diminution in the radiation 
VOli. LXXXn.~JL Q 



212 Messrs. Russ and Makower. The Expulsion, of [Mar. I8 r 


reaching the disc, for we Bhall see later that the radiation can penetrate only 
very small thicknesses of matter before it is completely absorbed 

After this disturbing factor had been discovered, great care was taken to 
purify the air as far as possible before admitting it to the apparatus On 
this account the air was made to bubble through sulphuric acid, was then 
further dned by passing it over pumice stone soaked in sulphunc acid, and 
then over a considerable length of caustic soda to remove carbon dioxide 
The air was then finally caused to pass through a glass Rpiral immersed in 
liquid air. Even with these precautions it was not possible to completely 
eliminate the trouble mentioned, but uith care it was found possible to get 
sufficiently consistent results foi the present purpose 

The Absorption of the Radiation by Air and Hydrogen. 

When the residue of an emanation atom recoils as the result of the 
emission of an a particle, the kinetic energy of the residue will be far less 
than that of the a-particle, on account of its greatei mass On this account, 
the power of the residue of penetrating matter will be small compared with 
that of the a-particle Considering the case of the ionnation of radium A 
from the emanation, and taking the masses of the a-particle and ladinrn A 
atom as 4 and 218 respectively, we should expect that the penetrating 
powei of the radium A atom would be only about one-hftieth of that of the 
«-partide from winch it is produced Since the lange in air of the 
a-particle from radium emanation is 4 35 cm., the atom of radium A should 
he completely stopped by less than 1 millimetre of air at atmospheric 
pressure 

The case is similar foi the pioduction of ladium B from radium A, for 
the range of the a-particle from radium A is nearly the same as that from 
the emanation, being 462 cm Thus, when we have radium emanation 
condensed at the bottom of a tube, we have projected from it particles of 
radium A and ladium B of about the same penetrating power 

The following experiments have been made to determine the stopping 
powei of on and hydrogen for this mixed ‘ radiation The consideration of 
the question of the relative quantities of radium A and radium B projected 
up the tube is left till later The disc D (fig. 1) was exposed to the 
radiation of a constant quantity of emanation and the pressure of the gas 
between the source of radiation and the diso varied The first experiments 
were made with air, and the disc was situated 6 5 cm. above the emanation. 
The pressures were measured on a calibrated Molaod gauge The dues were 
in each case exposed for 40 minutes to the radiation and tested between 
15 and 20 minutes after removal from the vessel 
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The results obtained are shown m fig 2, m whirh the excess of activity 
on the front of the disc over that on the back is plotted against the pressure 
of the air The quantity of active deposit projected on to the disc varies 
as an exponential function of the pressure, as may bu seen from the 
logarithmic curve also given, the points on which have been calculated from 
the smooth curve diawn through the experimental points Although the 
general law of absoiption is evident from this series of observations, it will 
be noticed that the points obtained do not lie very closely on a <urve 
This inconsistency has been attributed to the cause mentioned aliove, for 
after each expenmeut the apparatus had to be filled with air to remove the 
diBC, which was replaced by anothei During these operations the 
emanation must have become coated with a film of some impurity in the 
air that would be condensed m liquid air, and no amount of care m 
purifying the an seemed to suffice to give quite consistent results Although 
it was not thought worth while to repeat this particular series of obser¬ 
vations, in the subsequent experiments to lie described, the plan was adopted 
of currying out the observations m a definite order, with a view to 
eliminating errors due to the condensation of impurities on the surface of the 
emanation At the same time great care was taken to purify the air 
admitted to the apparatus. 

The next experiment was made with the disc at a distance of 13 5 cm. 
from the condensed emanation The observations were made m a manner 
wimilar to that just described, but a series of readings was taken first with 
continuously ascending values of the pressure and then with continuously 
descending values. 

The order in whioh the observations were taken is indicated by anowe 
(fig. 3). As before, it was impossible to repeat any particular observation, 

Q 2 
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for as the experiment continued the radiation received by the disc at any 
definite pressure became less and less, so that the curve with diminishing 
values of the pressure fell below that with increasing values 
The observations on eaoh ourve are* however* consistent with themselves. 
And the mean of the two curves was taken as the true curve representing 
£he relation between pressure and activity 

From the logarithmic curves and Tables IV and V it will be seen that 
when the disc is at 13 5 cm from the emanation the absoiption of the air 
is about 2 6 tunes as great os when the disc is 6 5 cm from the emanation. 


Table IV *—Air Disc, 6 5 cm. Table V —Air Disc, 13*5 cm 

from emanation. from emanation 


Frenure 

Activity of 


Preuure 

Activity of 

in nuUnnetma 

diao 


in millimetre! 

d»o 

0 009 

388 


0-008 

106 

0 140 

195 


0-040 

71 5 

0 354 

119 


0-005 

60*5 

0 440 

113 


0 374 

16 

0 636 

i 58 


0 472 

8 

0 *680 

80 


0 848 

8 

1 150 

16 5 


0 175 

38 

1 800 

2 1 

0*075 

49 


I 

-. * 

0*005 

70 

1 


_ 


A further senes of observations was made with hydrogen instead of air 
with the disc 13*5 cm from the emanation The hydrogen, which was 
prepared from pure sulphuric acid and pure zinc, was passed first through 

* In Uus Table and in Tables V and VI the second oolumn represents the excess of 
the activity on the front of the disc over that on the back* which, in a high vacuum* 
never amounted to more than a few per cent of that on the front. 
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ft solution of potassium permanganate, then through sulphuric sad, and 
then over caustic soda The purification was completed by passing the 
hydrogen through a spiral immersed m liquid air The observations with 
hydrogen were on the whole more satisfactory and consistent than with air, 
but although there was no gradual decrease in the activity due to a layer 
of impunty being deposited over the emanation, thus causing a steady 
variation in the quantity of radiation, it was found that rather capricious 
changes m the radiation took place After a series of consistent obser¬ 
vations had been made, the radiation from the emanation would suddenly 
be reduced and subsequent readings, though consistent among themselves, 
were less than would have been anticipated from the earlier observations 
No doubt these sudden changes were duo to the accidental admisuon of 
some condensable impurity with the hydrogen With care it was found 
possible to obtain a sufficiently long senes of consistent observations to 
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determine the absorption due to hydrogen The results of two sets of 
observations are shown in fig 4, the points on the logarithmic curve being 
calculated as in the oase of air 

It will be Been by an inspection of figs. 2, 3, and 4 tbat when the disc is 
situated at a fixed distance from the emanation, the radiation (?) reaching the 
disc is given by the equation 

r m rat - **, 

where r 0 is the radiation reaching the disc in a perfect vacuum, p is the 
pressure of the air or hydrogen in millimetres, and X is a constant coefficient 
which gives a measure of the degree of absorption of the radiation in passing 
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through the gas. Calculating the value of X from figs. 2 and 3, we get 
m 2 62 wlien the disc is situated at a distance 65 cm from the emanation, 
and when situated 13 5 cm from the emanation Xu.* = 69. We thus see 
that Xas/6 5 = 0 40 and X m /13 6 =051 Having legatd to the difficulty of 
knowing exactly where the emanation is condensed and, therefore, of deter¬ 
mining the distances of the discs from the emanation, these numbers are in 
fan agreement 

In the case of hydrogen, experiments were earned out oulj at a distance 
of 13 5 cm from the emanation The value of the coefficient (X M ) for this 
distance will he seeu, bj reference to fig 4 and Table VI, to lie 4 2 Thus 
for a distance 13 6 cm fiom the emanation, the latio 

X«ij./X|,yrtruj{,H — 6 9/4 2 = 1 64 


Table VI —Hydrogen 1 )isc, 13 5 cm from emanation 


Pressure 

1 A( livitv of 

Pressure 

Activity of 

in millimetre* 

(list 

1 

m millimetres 

dun 

0*040 

109 

0 482 

15 6 

0 080 

HO 

o m 

6 5 

0 150 

60 

0*682 

10 

o m 

1 60 

0 8,15 

4 

0*1 

48 o 

J *010 

J 6 

0 867 

| SO 




-- 

_ 

_ 


Considenng that the density of an is 14 44 if that of hydrogen is taken 
as unity, we see that hjdiogen is much more efficient in absorbing this 
mhation than could be expected from its density * 

The Composition of the Itcutuitim from the Emanation 

So far no evidence has been rocoided as to the composition of the radiation 
through a vacuum from the emanation It was of importance to decide 
whether both radium A and radium B were projeoted through the vacuum 
or whether the observed effects were due to one of these products alone To 
decide this question the decay curves of the activity collected on the disc 
suspended above the emanation were determined 
Although several other observations were made, the results of only two 
experiments are given, which suffice to demonstrate beyond doubt that both 
radium A and radium B are expelled from the emanation into the vacuum. 
Both experiments were made with the disc subjected to the radiation, 
situated 65 cm. above the emanation, and the pressure of the air between 
the emanation and the disc was maintained below 0*01 millimetre of 



1909.] Radio-active Matter tn Radium Transformations. 217 

mercury In the first experiment the disc was exposed to the radiation from 
the emanation for 40 minutes. The results of these experiments are shown 
in fig 5, curve I, in which the activity of the disc is plotted against the 
time, reckoned from the instant of removing it from the source of radiation 
On the same diagram curve 1 (a) is shown the well-known *-ray decay curve 
*>f the active deposit obtained by exposing a negatively oharged conductor to 



the emanation for the same time The difference between the two curves is 
striking and can at once be explained if we suppose that, whereas when 
a negatively-charged conductor is exposed to the emanation only radium A 
is deposited, which subsequently disintegrates, m the present case both 
radium A and radium B reach the plate by ladiation. 

A similar pair of curves II and II (a), for the case of an exposure of 
10 ininuteB, is plotted m the same diagram. It will be seen that in this 
case, too, the ordinary decay curve falls below the curve obtained by the 
radiation method As might be expected, the difference between the two 
curves for this short time of exposure is less marked than with a long 
exposure 

A complete analysis of the decay curves is at present withheld 

The Number of Particles of Radium A and Radium B projected from the 
Emanation into a Vacuum 

Having established that both radium A and radium B are projected on to 
a duo through a vacuum from the emanation condensed at the bottom 
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Of a tube, it becomes possible to c&loulate the ratio of the number of particles 
r eaching the disc in a known time to the total number of particles formed 
from the emanation This can be done by considering the activity of a disc 
exposed to the radiation from the emanation for a time sufficient for radio¬ 
active equilibrium to be set up between the emanation and the particles of 
radium A and radium B on the disc A disc was therefore exposed for 
more than three hours to the emanation from 118 milligrammes of radium 
which had been condensed at the bottom of the tube for sufficient time for 
equilibrium to be set up between the emanation and its products of 
disintegration Now it was found that invnudvatdy after removing the 
,disc from the radiation from the emanation it produced a deflection of 
828 scale divisions per minute on the scale of the electrometer used to 
measure its activity. A plate upon which polonium had been deposited, 
when similarly situated in the measuring apparatus, gave a deflection of 
] 800 scale divisions per minute. Now it was known that the quantity of 
polonium on the plate emitted 6 07 x 10 4 a-particles per second * Since 
1 gramme of radium emits 3 4 x 10 10 «-partides per seeond,f the polonium 
standard gave off the same number of «-partides as would have been 

emitted from 149x 10~ 8 milligramme of radium. The active disc tested 

therefore gave off the same number of «-particlee as would have been 

emitted by 6 9 x 10~* milligramme of radium But at the moment of its 

removal from the radiation from the emanation, the number of a-particlea 
emitted by the radium A and radium C on the disc must have been nearly 
equal Consequently there must have been on the disc the quantity of 
radium A and radium C in redio-aotive equilibrium with 3 45 x 10 -4 milli¬ 
gramme of radium Since 118 milligrammes of emanation were used in 
the experiment, the quantity of radium A and radium C on the duo was 
2*92 x 10“ 4 of the total quantity of ladiurn A and radium C in equilibrium 
with the emanation. Considering that the diso was at a distance of 7 cm. 
from the emanation, and that the area of the disc was 2*01 square centimetres, 
it is clear that even if every particle of radium A and radium B escaped 
from the emanation as it was formed by the expulsion of an a-partide, the 
fraction of the whole radiation reaching the duo would have been 3*3 x 10**. 
We see, therefore, that about one-eleventh of the particles projected from 
the emanation, m directions included within the solid angle subtended by the 
disc, actually reached the disc. Having regard to the easy absorption of 

* We are indebted to Dr Geiger for supplying ua with this number, which bed been 
determined by him by counting the number of sointillattaus produced per eeoond on * 
one sulphide screen situated at a known distance from the polonium 

t Rutherford and Geiger, 1 Roy. Boc. Proa,' A, voL 81, p 174. 
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these particles by matter, there seems little doubt that with a sufficiently 
thin layer of emanation free from all impurities and in a sufficiently high 
vaouurn every particle of radium A and radium B emitted from the 
emanation would be radiated from the emanation 


The Radiation of Radium B and Radium C. 

The experiments with radium emanation condensed at the bottom of 
a tube have shown that active deposit particles are projected through 
a vacuum on to a disc exposed above the emanation Since in these circum¬ 
stances we have, besides the emanation, also radium A and radium B at the 
bottom of the tube, the conditions are somewhat complicated It was seen 
from the nature of the decay curves of the activity oollected on the disc, 
that not only radium A but also radium B was projected on to the 
disc It is, however, not veiy easy to say whether there was any radiation 
of radium C It seemed, therefore, desirable to make experiments with 
simpler conditions to directly demonstrate the radiation of radium B and 
also of radium C, if this latter should exist To do thiB, observations were 
made with the active deposit on a plate which had been exposed as the 
negative eleotrode to the emanation m an elcctnc field. When thm plate 
was suspended m a vacuum, no radium A could be projected from it 
unless, as was generally the case, a trace of emanation remained adhering to 
the plate Neglecting, for the moment, 
this disturbing factor in the experiment, 
a disc exposed above the active plate 
should become active on account of the 
projection of radium B on to it as the 
radium A on the plate decays. If, however, 
sufficient tune be allowed for the radium 
A to disappear before exposing the disc, 
no radium B can be projected up the tube, 
but in this case there still remains the 
possibility of radium 0 being ptojeoted up 
the tube as radium B decays Working 
in this way we thus have the possibility of 
investigating the phenomena m their 
simplest form. The apparatus used is 
shown m fig. 6. The plate D, which had 

been exposed to a considerable quantity of radium emanation for a definite 
time, was suspended by a small hook from the end of the wire w, the other 
end of which was sealed through the ground glass stopper S of the glass 
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vessel V of diameter 0 7 cm. Attached to the wire w, and at a distance of 
about 1 cm. above the plate D, was a disc E By inserting the stopper S the 
plate and disc were brought into the position shown m the figure By 
means of a bulb containing cocoanut charcoal inuneised in liquid air and 
connected to the vessel V by a side tube, the vessel could be rapidly 
exhausted to as high a vacuum as deBired After a suitable exposure of 
the disc E to the radiation from 1), air was admitted to the apparatus 

The disc E was then detached from the wire w, and its «-ray activity 
tested by a quadrant electrometer, oare being taken to prevent the diBC and 
plate touching during their removal from the vessel 

Before proceeding to an account of the results obtained in these experi¬ 
ments it is of importance to consider the phenomena which would be 
expected on certain simple assumptions Consider the case m which the 
plate D has been exposed to the emanation so that it Iiob deposited on its 
surface ladium A, together with radium B and radium C in certain definite 
proportions depending on the tune of exposuio to the emanation. The 
disc E will leceive a certain percentage of the radium B particles whit h are 
produced os the radium A ou the plate 1> decays If we assume that 
the radium C particles are not piojected from the small quantity ot 
radium B, initially on the plate D, then the activity of the disc E at any 
time after removal may be calculated by a simple extension of well-known 
equations* This has been done for the case of an exposure of five minntes 
of the disc E to the radiation from the plate D, and tlie theoretical curve 
plotted in fag 7, ourve I 

The observations now to he described were made to see how nearly the 
experimental results obtained undei different conditions agree vnth this 
theoretical curve 

In the first senes of observations the plate D was exposed to the 
emanation <for 10 lmnutos, then removed and placed m a vessel which could 
be quickly evacuated to remove any emanation adhenng to the disc 
Although it was not found possible to completely remove the emanation in 
this way, the amount left on the disc after this treatment waa greatly 
reduoed. Within a minute and a half of withdrawing the plate from the 
vessel in which it waa exposed to the emanation, it was fixed ui position 
below the disc E as shown in fig 6 The vessel V was quickly evacuated as 
completely as possible, and the disc E then exposed to the radiation from 
D for five minutes The disc E was then removed, and the side which had 
been facing D found to be strongly radio-active, its activity was tested 
during the next hour and a quarter. 

* See Butherford, ‘ Radio-activity,' p. as 
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The side turned away fioia D was only slightly active as a result of 
a trace of emanation adhering to the plate D which escaped during the 
exposure of the disc E In subsequent measurements allowance was made 
for this slight activity which must also have reached the front of the disc E 

The results obtained are shown m curve II, hg 7. It will be noticed that 
the activity of the disc as measured by the a-radiation coming from it 
increased for the first half hour and then fell off with time This is what 
would be expected if radium 11 had been piojected on to the diBC E from the 



plate I) during the five minutes’ exposure, but it witl be noticed that the 
cuive II falls considerably below the theoretical curve I, Now the 
plate D during the previous exposure of 10 minutes to the emanation will 
have had deposited on its surface not only radium A but a certain amount of 
radium Ii If, during the decay of this radium fi, some radium C is 
projected on to the disc E, the curve giving the activity at times subsequent 
to its removal from the radiation will fall below the theoretical curve I 
This has been seen to be the case and it thus appears likely that in the 
experiment just described radium 0 as well as radium B was radiated from 
the plate 

This was a somewhat unexpected result, for unless a-particles are emitted 
in the transformation of radium B into radium C, this result could only be 



222 Messrs. Buss and Makower. The Expulsion of [Mar. 18, 


explained by supposing that the radium C was projected from (he plate by 
recoiling when a /8-partiole was emitted. It was therefore necessary to teat 
the point more fully before this explanation could be accepted as correct 

A similar experiment to that just described was therefore made in which 
the plate D was exposed to the emanation for nearly three hours instead of 
10 minutes. In these circumstances the quantity ot radium B on the plate 
relative to the quantity of radium A was greatly increased and the activity 
curve subsequently obtained with the disc £ should fall even further below 
the theoretical curve than curve II This is seen to be the case from 
curve III, fig 7 

Although these experiments leave little doubt that radium C is projected 
through a vacuum from a plate on which radium B is deposited, it seemed 
desirable to get more direct evidence on thiB point. The plate D was 
therefore again exposed to the emanation for abont two hours and a half, and 
was then removed from the emanation and kept m a vacuum for 19 minutes 
to get rid of emanation adhering to it Dunng this time practically all the 
radium A on the plate had decayed. The plate D was then placed in 
position under the disc £ and the vessel evacuated This disc E was 
removed 50 minutes later and tested during the next hour It was found to 
have deposited on it pure radium C, for m tins ease the activity at once 
diminished exponentially with time, falling to half value in 19 minutes 
(fig 8, and Table VII) 

We thus see that a plate exposed m a vacuum to another one upon which 
there is only radium B and radium C becomes coated on the side facing the 
first plate with a deposit of pure radium C. This can only happen by the 
projection of the atoms of radium C on to the plate aa radium B dis¬ 
integrates No doubt radium D is also projected on to the second plate, but 
its rate of decay is m any case too slow to affect the observations 

Since the recoil of radium C when produoed from radium B is due to the 
emission of an eleotron instead of an a-partiole, as is the oase with 
radium A and radium B, we should expect that the velocity with which an 
atom of radium C is projected through a vacuum would be very much lose 
than that of either radium A or radium B The power of the atom of 
radium € to penetrate matter should therefore be correspondingly less than 
was found for radium A and radium B A few experiments have been made 
to test this point The disc D, with radium B and radium 0 deposited on it, 
was situated as in the previous experiments 1 cm. below (he disc £, which 
was therefore subjected to the bombardment of the radium C proceeding 
from the plate D. Instead of working in as high a vacuum aa oould be 
obtained, some air was left between the plate D and E. In this way part of 
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the radiation from the plate D was eat off and the plate D became leas 
aotave than in a perfect vacuum When then was air at a pressure of 
■0*14 mm. of mercury between the two plates at a distance of 1 cm. apart, 
the radiation was cut down to about one-tenth Other observations wen 
made at different pressures, but the law of absorption has aa yet not been 
determined with any pncuion 
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Table VII 


Time in 
minute* after 
removal 

Activity 

Logarithm 

of 

j ttttlVlt) 

Time in 
mmutos after 
removal 

Activity 

Logarithm 

of 

activity 

1 

90 5 

1 937 

10 

45 3 

1 658 

2 

88'6 

1 047 

21 

48 8 

1*642 

3 

86*1# 

1 982 

23 

40 4 

1*608 

4 

811) 

1 *908 

28 

38 6 

1 595 

5 

77 8 

1 888 

30 

30*9 

1 490 

6 

74 5 

1 872 

82 

80 1 

1*479 

7 

74 2 

1 870 

34 

28 2 

1 450 

6| 

84 8 

1 812 

i 36 

28 D 

1 447 

n 

83 *9 

1 806 

' 89 

24*0 

1 891 

19 

60 1 

1*779 

40 

28*2 

1 868 

13 

57*7 

1*781 

42 

21 4 


14 

87*1 

1*757 

46 

19*2 

1*988 

IS 

84*8 

1-787 

48 

17 8 

1*950 

18 

47*8 

1 079 

51 

15*7 

i i 

1 198 
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Sum mail/ 

The principal results obtained m this paper may be summarised as follows*— 

(1) When radium emanation, in radio-active equilibrium with its products of 
disintegiation, is condensed at the bottom of an evacuated tube immersed in 
liquid air, active deposit paiticles are radiated up the tube This phenomenon 
is ascribed to the recoil of the residual atom when mi a-particle is emitted 

(2) The law of absorption of this ludiation both m air aud fmlrogen has 
been investigated The ladiatton reaching a surface at a fixed distance from 
the condensed emanation is an exponential function of the gas pressure 

(3) From the rate of decay of the activity collected on a suiface exposed 
to the radiation from the emanation, it appears that both indium A and 
radium B reach the surface 

(4) Sodium Band indium ( 1 ate kith radiated through a vacuum from 
a surface previously rendered active by exposure to the emanation Sup¬ 
posing that radium 1> emits outy /9-particles, the radiation of radium must 
be due to the recoil of the atoms when pat tides are emitted 

The work has been greatly facilitated by the kmduess of Prof Rutheiford 
m supplying us with the emanation necessary for these experiments. We 
take this opportunity of expressing our thanks to him 


An Attempt to detect w mu* Elect m-optieal Effects 
By Prof Hakoui A Wn sov, FRS, King's College, London 
(Received March 5,—Read March 18, 1909 ) 

The following pajiei contains a description of some expeiuneuts made 
with the object of detecting possible effects duo to electric and magnetic 
fields and moving mattei on the velocity of propagation of light ui glass 
The results obtained wcie negative, but it. seems worth while to publish a 
short account of the expeumenta 

The optical part of the apparatus is a simple form of interferometer 
which proved \erj easy and convenient to work with It consists of a 
square glass frame made up of glass bars of square cross-section cemented 
together with Canada balsam Three of the corners are cut off at 45°, as 
shown in the figure, and the fourth corner contains a half silvered surface 
FF. Light entering in the direction of the arrow A is divided into two 
beams by the silver film, which \m$ round the frame in opposite directions, 
being totally reflected at the cut-off corners Half of each beam emerges 
m the direction of the arrow B, and the two beams at B are in a condition to 
interfere with each other 
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The frame u bo constructed that an eye at B observing a source of white 
light at A by reflexion round the frame sees a system of interference bands 
If the frame is supported horizontally 

and is at an uniform temperature the J* 

bands are nearly circular with the 
centre of the system m the middle of 
the field The bands are more oi less 
distorted by slightly warning the 
frame unequally, eg by taking hold of 
one of the bars, but the distortion is 
small and varies slowly The glass 
bars are 2 cm thick, and the outside 
breadth of the fiaine is 14 cm The 
path of a ray going once round the 
frame is 44 cm long inside the glass 
from the silver hhu and bock to it 
The refiactive index of the glass for sodium light is 1 67. 

In all the experiments described below the interference bands were observed 
in a telescope provided with cross wires. The bands were widely separated, 
and I think a displacement ov broadening of a band amounting to one-fiftieth 
pait of the distance between two bands could have lieen detected. To 
produce this effect would require the velocity of one ray to be increased 
and that of the othei to be diminished by one pait in ten millions 

The effect of a lapidly alternating induced electiomotive force acting round 
the frame was first tried A coil of insulated wire of about 150 turns end 
9 cm in diameter was wound on a glass cylinder and put through the frame 
so tbwfc the axis of the coil was perpendiculai to the plane of the frame 

A powerful jar discharge from two quart |ars and a 10-inch coil was 
passed through the coil to produce an intermittent rapidly alternating induced 
electric force round the glass frame Since the alternating field is only on 
for a Mwiall fraction of the tune that the coil is working, if a steady source of 
light were used to produce the bands a displacement would be difficult to 
observe This difficulty was avoided by using the sparks of the jar discharge 
as the source of light The light from the sparks is a maximum when 
the rate of variation of the induced electric force is a maximum If 
a varying electric force acting round the frame increased the velocity of 
one ray and diminished that oi the other, the alternating field, using the 
sparks as the source, would have produced an apparent donbling of the bends, 
or at least a broadening of them. A faint steady source of light was used in 
addition to the sparks, and the bands due to the sparks appeared to coincide 
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exactly with those doe to the steady source. This experiment shows that 
there is no effect due to a rapidly varying eleotno force acting round the 
frame The rate of variation of the induced eleotno force in the glass In 
this expenment was about one million volts per cm. per sea 

Another experiment was then tned, using sparks from a secondary coil of 
two turns wound round the coil of 150 turns as the source of light. In this 
experiment the light was a maximum when the induced force was a 
maximum. Again no effeot was observed. 

The same two experiments were then repeated with a coil of two turns 
instead of the coil of 150 turns, with similar results. A small Hertz 
oscillator, with its axis along the axis of the frame, was then tried, using the 
sparks of the oscillator as the source of light, without effect 

A single layer of about 100 turns of wire was then wound on the bars 
of the frame so as to produce a magnetic field round the frame. A powerful 
jar discharge was passed through this coil without effeot, using both primary 
and secondary sparks as the source of light 

The frame was now fixed up round the poles of a large Du Bois magnet 
which were put close together. The core of the msgnet is 8 cm in diameter, 
and it is wound for 100 volts. The magnet was connected directly to an 
electric supply at 209 volts, aud the current started, stopped, and reversed 
without effect* The connections to one of the coils of the magnet were 
then reversed so that both poles could be magnetised in the same way so as 
to produce a radial field at the glass frame No effeot was obtained 

The frame was next put between two parallel metal plates, 2 cm. apart, 
which were connected to a Wunshurst electrical machine, and charged up 
till sparks passed between them A very slight motion of the bands was 
observed when the sparks passed, which was no doubt due to the frame 
being strained by the electrostatic forces Holes were out m the plates so 
that the frame and plates could be put round the poles of the Du Bon 
msgnet In this way the effect of a radial magnetic field with a perpen¬ 
dicular electric field was tned Reversing the magnetic field while the 
eleotno field was steady produced no effect Jn this expenment, according 
to Foynting's theorem, there was a flow of electromagnetic energy round the 
frame inside the glau. Indiarubber tubing was then wound round the bam 
of the frame until the hole through the frame was nearly filled with the 
turns. A lapid stream of water was passed through the tubing without any 
effect on the interference bands. The glass frame- was very exoellentiy mode 
and adjusted by Adam Hilger, Ltd,, and it has remained in perfect adjust¬ 
ment mid never given the slightest trouble. 

* The, tots! current flowing iww4 tbs oore was 70,000 amperes. The axis ef lbs N qi 
eoinaded with the axis of the eom. 
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Syntonic Wireless Telegraphy; with Specimens of Large-scale 

Measurements . 

By Sir Oliver Lodge, F R S., and Dr Alex. Muikhead, F RS 
(Received November 20, 1908,— Read January 21, 1909 ) 
Introduction by Sir Oliver Lodge* 

The absence of effective tuning is one of the marked features of wireless 
telegraphy as at present usually conducted m practice 
In many oases messages are disentangled from a crowd oi superposed 
disturbances, i e from other messages, largely by the skill of the receiving 
telegraphic operator, who, by the exercise of selective attention, manages to 
interpret and read what is intended for him , the process being identical with 
the ordinary human faculty whereby a conversation can be listened to amid 
general talking and a crowd of other noises at a dinner table 
A certain amount of forbearance is also exercised in certain localities, and 
just as it is etiquette to wait till one conversation across the table is finished 
before beginning one on your account, bo it is with neighbounng wireless 
operators—they wait for each other, and each finishes as quickly as he 
can In fact, it is not very different from the procedure of telephonic 
operators working through one and the same line, which for a tame may be 
“ engaged ” 

Tuning is not indeed absent, though usually far less perfect than it might 
be made The systems which work with a closed circuit vibrator, and use 
sufficient power, can efleet a considerable amount of tuning, so that other 
wave-lengths can be weakened m comparison with those desired, and so also 
that the messages received have about tliem a more or less characteristic 
note or quality which disentangles them from others, and renders the picking 
of them out through the necessary selective attention an easier matter than it 
otherwise would be is indeed extraordinary what the skill of an experi¬ 
enced operator will enable hun to read, m spite of the imperfection of the 
tuning For, just as practice enables people to read bad and nearly illegible 
writing, or to understand very imperfect or ill-heard speech, so it is with the 
listener at the telephonic receiver to the Morse code signals iu wireless 
telegraphy A purely physical instrument, such as a siphon recorder, would 
fail to give anything like a clear record under such circumstances, indeed, 
nothing short of an instrument with the selective power of the human ear 
could be successfully used in the process of receiving as it is frequently 
practised to-day 

VOL. LXXXIL—a. b 
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But it would appear that the physical elimination of other messages is 
never perfect, since, even with the most skilled operator as receiver, there 
are cases when conversation becomes impossible, owing to the superposition 
of disturbances from a newly established station; and then, by International 
Convention, the station first in the field has the power of calling upon the 
Government to withhold a licence from the newcomer or disturber of the 
peace, and to require him to remove or so to moderate his signals that they 
shall no longer be a source of trouble and confusion 

And of all such stations it is natural that the stations of the Admiralty, 
and those which may be needed m warfare, shall demand and shall be accorded 
the precedence, so that they have the power to order away anything which 
they find deleterious to their free power of conversation with the ships—say 
in the German Ocean or elsewhere 

But it is hardly necessary to point out how dangerous such a condition of 
things inevitably is If in peace time the free power of communication 
depends only on the ability to order away disturbing elements, what is likely 
to happen in time of wai ? Will it be possible to order away the disturbances 
caused by a foe ? Surely the fact that the physical elimination of such 
disturbances ib known not to have been as yet properly tackled scientifically 
in the best way that is possible, but has merely been got nd of by 
legislation, will encourage an enemy to cause purposed distuibance and to 
make all communication hopeless In fact, by dmt of continual inter¬ 
ruption, to render confusion worse confounded 

And even apart from the exigencies of war, it is clearly desirable so to 
arrange each station that it can speak to the one it wants to speak to without 
the necessity for overhearing those which are simultaneously speaking in its 
moderate vicinity. And to do this not only by the practised skill of an 
operator but by selective means of a physical kind, so that an automatic 
receiving instrument suoh as a siphon recorder could also receive the message 
intended for it without superposed disturbance from others 

In that case there would be no need to wait till others have finished 
speaking, but correspondence could be oonduoted simultaneously between 
several pairs of stations—not too dose together and yet not really far apart 

Now all this can be managed quite easily The present trouble is caused 
by the utilisation of the earth as one terminal of the serial system, both in 
sender and receiver I do not expect this to be immediately admitted; but 
so it is—at any rats at land stations. With the use of the earth as part of 
the main electric vibrator no perfect tuning is possible, The most economical 
and simplest plan is to use the same thing as vibrator and radiator: though 
at present in many oases they are separated If the earth is used as part of 
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the radiator, a closed circuit vibrator is necessary, since by its power it can 
force the radiator to emit a tuned disturbance, even though one end of it is 
earthed But with an open circuit vibrator alone, the earth must not be 
used, for if it is, the succession of waves is damped out, and the waves 
form so rapidly decadent a series that, though the initial impulse may be 
strong and able to carry a long way—provided it be emitted with great 
power—no reception on a truly syntonic plan based upon the accumulation 
of a large number of isochronous impulses—each alone inoperative—from a 
source of gentle power is possible 

Tet, on the principles laid down by me in 1897, with a completely self- 
contained vibrator, consisting of two capacity areas both elevated above the 
earth as high as may be conveniently possible, accurate tuning is easy enough. 
A 5-per-cent change of frequency—indeed less—is sufficient to negative all 
response to other stations, whenever the receiver is purposely so adjusted as 
to be exactly in tune with one definite frequency and insensitive to all others 
Its sensitiveness under these conditions to thfe properly attuned wave-length 
is something surprising, and arouses the astonishment of the hardened 
operator The small induction coils which transmit the signals to each 
other in the signalling room, by mutual induction from collector to mponder, 
may be separated m some cases more than two feet In that case it is 
manifest that none but the most accurately tuned impulses can be detected 
All others are completely eliminated, however violent they may be. 

Por the purpose of being called up, the coupling of the inductive con¬ 
nection can easily and quickly be made dose again, and the receiver is 
then sensitive to all pitches But once called up it can, for the purpose of 
receiving the communication, be instantly, by a movement of the hand, 
switched over to the less sensitive state, in a state of attunement with that 
frequency which happens to characterise the speaking station, and to 
that alone. 

The system thus perfected as regards tuning, through the labours of 
Dr Alex. Muirhead and myself and our assistants, is so satisfactory in this 
respect that I see no reason why I should any longer hesitate to publish a 
few of the records of observation and experiments made with it, on tho 
ground of a possible but hitherto entirely non-existent pecuniary interest 
conceivably appertaining thereto, for they are measurements which cannot 
he made in a laboratory or without some similar apparatus, and they are 
worthy of record. With this introduction I submit the following paper *— 
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On the General Principles of Syntonic Wireless Telegraphy 

To obtain telegraphic response between two disconnected stations in a 
selective manner, so as not to be disturbed by other sending stations in the 
neighbourhood, it is necessary— 

(1) That the disturbance emitted consist of a regular or Binuous succession 
of impulses sufficiently numerous to accumulate their effect, consequently 
the emitter must be a fairly free vibrator, with a definite penod of its own. 

(2) That the receiver be made insufficiently sensitive to respond to a 
single one or two of such impulses, but sufficiently sensitive to respond to 
the accumulated effect of a fair number of them. 

(3) For this to be possible the receiver also must be capable of fairly free and 
undamped vibration, so as to preserve and store the impulses as they arrive, 
till their combined effect attains the needful climax, and excites response 

(4) Nevertheless, excessively long-continued vibration is useless In 
most oases the accumulation of from 20 to 40 swings should be both neces¬ 
sary and sufficient For if any large number of swings has to be depended 
on, say 1000, it is impossible to preserve the tuning sufficiently aconrate to 
enable them all to help. For instance, if the tuning were “ out ” by so little 
as 1/10 per cent, the last 500 of such a senes would be undoing the effeot of 
the first 500 

(5) In the case of radiated electric waves, the radiating power increases 
with the openness of circuit of the condenser or other discharged system, 
being greater from a linear vibrator, and least from one with a closed contour 
On the other hand, the persistence of vibration, or absence of damping, due 
to radiated energy, is greatest with a dosed circuit, and very small with a 
linear one This is because in true waves the electric and magnetio energies 
must be equal In nearly closed oircuits the magnetic energy greatly 
dominates the electrostatic, everywhere except between the plates of the 
condenser In open circuits the electrical lines spread much farther, and so 
by their alternation interact with the magnetio lines to establish the system 
of advancing waves over a surface more distant from the radiator, for the 
radiating power with given wave-length increases rapidly with the extent 
of the radiating surface.* But of course it has less initial electrostatic 
energy than a condenser charged to the same potential with plates dose 
together, and therefore of greater capacity 

(6) Accordingly there must be a compromise, and in order that the 
syntonic radiator may also be the vibrator it must itself be a condenser 

* Compare Sir G. G. Stakes, “On the Communication of Vibration* to a Gaa,” ‘PUL 
Trans,' 1M8. 
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consisting of two moderately large capacity areas, separated from eaoh other 
by a considerable space full of electrostatic lines, able, therefore, to give a 
moderate number of free swings—such a number as 30—after having been 
set m vibration Such an arrangement was depicted m practical form, and 
the details indicated, by me in 1897 The mathematical principles of this 
and much more were discussed by Dr Larmor, in 1894,* as well as by 
Hertz and Fitzgerald f 

(7) The emitter and receivei should also be elevated some reasonable 
height above the earth, so that the perturbing and uncertain effect of its 
capndbus and variable conductivity may bo eliminated Recognition of the 
evil effect of the earth has become clearer since 1897, for although at that 
time a sound arrangement, of two insulated and elevated capacity areas, was 
depicted in my first tuning arrangement, it was thought that the earth 
might in some cases be used as one of those areas, even at syntonic stations 

(8) Experience shows this not to be the oase We find the influence of 
the earth—such earth, for instance, as we get m Kent—wholly deleterious to 
accurate syntony, and we obtain our good results by disconnecting everything 
from it, and raising even the lower aenal or capacity area a sufficient distance 
above the earth’s surface The best distance is found to be that at which 
the resultant capacity of the lower plate, with reference to the upper aenal 
on the one hand, and to the earth below on the other, is a minimum 

(9) To avoid damping by resistance, all leads are very thick and composed 
of a multitude of silk-covered No 40 wine of high conductivity, made into 
a cable, and great care is taken with all joints, since the KMF of the 
incipient swings at beginning of resonance is very low 

(10) Arc v Spark —It has sometimes been said recently that tuning can 
only be maintained by an arc, and that a spark is incapable of being tuned 
A short snappy spark is incapable, but that is not the sort of spark that we 
employ On the contrary, we use a comparatively long-continued flame-like 
spark, between points rather than knobs, and we take it in an enclosure, 
so that the ionised air escapes immediate dissipation, and is for the necessary 
time practically a conductor We also prolong the discharge of the capacity 
areas by a sufficient amount of the inertia of self-induction. 

Under these conditions, if the spark is analysed by a rotating mirror, its 
image is seen to be spread out into a long beaded band, with ample oppor¬ 
tunity for being tuned. The old snappy spark or whip-crack plan of Herts, 
with clean polished knobs, is unsuited to a syntonic station 

‘ Lend. Hath. Soo. Proc.’ 

t See abo Ledge and Howard, “On Electric Radiation, u ‘Phil Mag,’ July, 18», 

.68,57. 
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The precision of tuning which can thus be obtained in conjunction with 
very effective radiating power is remarkable, the sensitiveness of such a 
receiver to accumulated impulses is noteworthy; and the resulting ease and 
discrimination of selective or syntonic signalling is so marked that the 
measurements establishing the fact are considered by us worthy of communi¬ 
cation to the Royal Society 


Practical Details in correction with Turing* 

Fig 1 shows diagrammatical ly the arrangement of upper and lower aerial, both well 
insulated from the earth and each in the form of a Maltese cross, with complete insulation 
and independence at the comers, as shown in the little enlat gement on the right-hand side 



Fig 1 —Arrangement of Capacity Areas for Fixed Station 


Dr Muirhead finds that if metallic connection is made between the loops of the cross 
at these corners the effect falls off greatly 

There must be a surging of the pulse from the centre of the cross to the middle of each 
of its sides, and so this arrangement, if approximately adjusted to correspond with the 
wave-length, gives a remarkably powerful result, being very efficient both as sender and 
as receiver The figure only shows a model of the real arrangement, wherein, of course, 
the posts have to be supported by stays 

Fig. 2 is a diagram of the connections Here we see the lower capacity area of the 
aerial connected to a small, adjustable, open, high-conductivity, self-induction spiral L 
The upper capacity area can be switched either to the sender on the left or to the 
receiver on the right 


* Owing to hesitation and delay in sending in this paper, the following details have 
now been published as an Appendix to a book, 'Signalling without Wires/ by Lodge, 
and accordingly they cannot be offered to the Society as new matter ; but they are 
explanatory. The paper iteelf may be understood to begin again at p. 240. 
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IMfeing the receiving side first, we see the primary and secondary of the transformer $ 
the secondary coil of the latter ts in circuit with the adjustable condenser k which shunts 
the coherer WB, and is likewise in circuit with the recorder coil and a battery giving a 
fraction of a volt through a potentiometer FT Both these accessories are prevented 
from interfering with the reception of messages by a large condenser K acting as shunt, 
so as to allow free passage to the impulses, though not to steady currents. 

On the left-hand side we have first the spark-gaps—several, sometimes five, in series— 
then the sending transformer T, then the safety switch and signalling key, then the 
inductance coils for tuning this part of the arrangement We sec also the ammeter, the 
voltmeter, and the alternator, and, still further to the left, we see the arrangements for 
regulating the excitation of its held magnets and speed It is to be understood, as 



Fig 2 —Diagram of the Connections of a Complete Installation 


I, Sending and Primary Receiving 
Inductance 

ICS Subdivided Spark Gap*. 

T Bending Transformer 
BW Safefr Switch 

00 mdur%iM%otb (adjustable) 

A. Ammeter 
V Veltmeter 
<r> Alternator (Armature) 


AF Alternator (Field Winding) 
lttt Regulating Keaiiitance for Alter¬ 
nator Field Winding 
K Rxclter Armature 
RF R^uUttug Remittance for Kxeitor 

BF Bxuiter Field Winding 
P1L Primary of Reodvhig Trans¬ 
former 

SR Secondary 


k Adjustable (overflow) Air Con 
denser 

WR. Coherer (Wheel type) 

K Receiving Condenser 
R Jtoocmler 
Tel Telephone Receiver 
PT Potentiometer 
B Battery (Receiving) 

OS Call upset. 


explained below, that the frequency of this alternator is in tune with its circuit, and 
likewise m tune with the secondary circuit of the sending transformer T connected to 
the aerial But when the spark occurs it short-circuits the aerial through tile spark 
gape MS, and confers upon it a totally different frequency, enormously more rapid, which 
is responded to by the distant corresponding aerial switched on to its receiving circuit, 
every part of which is in tune with that frequency The small power required by this 
arrangement, and the exactness of the tuning and the ease with which undeeired messages 
and disturbances can be eliminated, is surprising and somewhat beautiful* 

In order to enable a small-power coil to charge a sufficiently large capacity to bursting 
point, ft is sometimes necessary to accumulate several of its impulses, which, by means 
of a is readily dona The kind of valve which we interpolate between coil and 
aerial in such oases is shown in fig* 3. It is exhausted by a special and peculiar process, 
and it enables the capacity to be readily filled to sparking point several times a second, 
even by quite a small coil with rapid trembler. 
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The message to be sect can either be transmitted by hand or it can be punched on tape 
m the ordinary way and passed through an automatic transmitter 

As receiver, one can use either the 
| 1 telephone or the recorder, but for all 

I accurate purposes the recorder is much the 

i The coherer employed in connection 

a with the recorder is the remarkably 

a j I sensitive and trustworthy wheel coherer 

| 8 shown m fig 4, of which the impellent 

jl | part u a steel wheel, kept slightly oiled 

JL SL and dipping into mercury by an adjust- 

able amount The recorder clockwoik 
Wff J D I keeps it slowly rotating 

M jj ill For telephone use, a simpler though 

/JET I ft | less sensitive coherer suffices, and the one 

ISli k J I Jl commonly used is a modification of my 

f original single-pom t-and-plate, immersed 

I -• jr gf|fE \ in oil, and able to be tilted so that the 

* t \ pressure of the oil shall vary, thus con- 

2 ^ ^ vf d4§gggf 1 stituting an easy adjustment It is depicted 

Vy I ^ 1 m fig 5 We also use an electrolytic 

I 1 -k ep||^ / coherer, which is highly sensitive but not 

. I J so suitable for tuning 

_fl In any case, the coherer is arranged ae 

a shunt to a Leyden jar or adjustable 
I air-condenser, whose circuit is closed 

Vfl through self-induction, so that it haa & 

| definite frequency period The coherer is 

dji not affected till the jar overflows, which 

H it does by reason of accumulation of 

g| impulses.* 

|l An adjustable air-condenser Is shown m 

\| |y the diagram of connections, fig 2, as a 

Km 9 -Electric Valve u.ed m c “ udenge , r wth f T*™ * v 

Portable Set It can be quickly adjusted to giro the 

proper tuning, and then the impulses 
accumulate, so that the condenser overflows through the coherer It u this overflow 
method which causes the coherer to be very sensitive to the proper tune, and to be 
insensitive to others. It represents my old sjretoxuo Leyden jar experiments 
In fig. 6 the handle of the adjustable condenser w shown on the left-hand side, and in 
the middle is seen the self-induction which completes its circuit. This same self-induction 
is employed as the secondary of a transformer, whose pnmary is m the circuit of the 
receiving aenal This primary has only a few turps, and xs shown on the right-hand side 
When the right tune is attained, there is a great margin of power, and the primary 
and secondary can then be separated very considerably, so that everything except 
mpulsea of the right frequency are excluded. They are often separated a Urge fraction 
of afoot. 


* *Boy Soc Proc,/ vol 50, p. Ifc 
t * Nature,* 1890, vol. 41, p. 888. 




Flo 6.—Lateat Form of Single Fig 6.—“Selector" type of Beceiving Transformer. 

Point Coherer in Oil. Thi* Tranaformer is arranged in aeries with an 

adjustable condenser, which is connected to the 
coherer so as to work on the “overflow" prin¬ 
ciple * 


* ‘Boy. Soc. ProcV yoL #0, p U. 
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Statement of the Pomto to he attended to 

The first pomfc requiring attention i» the tuning of the two capacity area*, in aerie* 
with the secondary of the Buhmkorff coil, and the exciting them by an alternating 
dynamo running so a* to give the same frequency 

This adjustment has been found a useful one, and in order to make it possible to treat 
the Buhmkorff as an independently oscillating circuit, it is necessary to have it specially 
constructed with a great interspace between the primary and secondary bobbins, so that 
the secondary bobbin shall be almost free and isolated and have very little capacity when 
considered as a Leyden jar with the primary as the other coating No doubt soma 
effectiveness is removed from the coil by this great separation, which is often as much as 
an inch between the inducing and the induced bobbin, but there is no loss of “ efficiency,” 
sad the diminished effectiveness is more than compensated by the tuning which is thereby 
rendered possible in the secondary circuit Less power is called for m the primary circuit 
in such a case, since the secondary u then on open circuit, and not, so to speak, short- 
circuitod by its capacity with the primary coil, a capacity which is merely useless and 
disturbing Practically all the capacity which is now inserted in the secondary circuit 
is the useful and effective capacity of the radiating aerials, so that no more power w 
consumed than is needed , and the secondary circuit being free, it can continue oscillating 
so long as the dynamo potential retains a sufficiently high value, thereby prolonging the 
spark to a surprising extent, and giving it a very bright and arc-like appearance, as if 
it consisted of a great number of oscillations m succession And the fact that it does so 
consist of a succession of oscillations is proved by photographing the spark in a revolving 
mirror or on a rotating plate, the number of alternations is then seen to be 30 or more 
semi-oscillations, each recorded on the plate, and after these oscillations there is a long 
stream, visible to the eye, of greenish coloured light, such as does not much affect a 
photographic plate, but which may be a continuance of the alternations beyond * 

The spark must not, therefore, be treated as a simple snap it is nothing of the kind, 
it» a maintained spark, and it is maintained by connection with the tuned Ruhmkorff, 
which continues to supply the energy during the whole of the continuance of the sending 
alternation* 

It is not to lie supposed that these sending alternations are of the frequency of the 
Buhmkorff or of the alternator they are of a totally different order, they are the 
alternations proper to the aerials short-circuited through the spark-gap by the connecting 
wires, and must be reckoned in fractions of a million per second. The tuning of the 
alternator and the Buhmkorff only enables them to be maintained. 

At the same time the maintenance could not be effected unless the lower area were 
elevated above the ground, for if it be lowered nearer the ground, the chain of 
oscillations is diminished, if it touch the ground, the senes is cut very short, and if it 
is connected with the ground, nothing u left of it but just a few at the beginning—-often 
not more than two or three—a sequence which u quite insufficient for anything 
like proper tuning Actual tuning experiments confirm this, for it is found that with 
the lower aerial on the ground, or even too near the ground, the tuning is imperfect , in 
fact, there is barely any tuning at all when there is earth connection. But as the lower 
aenai is raised the tuning improves very rapidly, and at the best position becomes extra¬ 
ordinarily sharp, the disturbances, when plotted, rising to a sharp peak, when everything 
is properly adjusted. It must be understood that these experiments were conducted on 
land, not at sea 

* Such photographs, taken at Dr Muirhead’s station at Elmer’s End, were exhibited 
to the British Association at Leicester by Mr. Duddell in his Evening Lecture to the 
Association m 1007 
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It is oil the top of this peak that a tuned station usually works, that is to Ay, the 
received effect is purposely diminished until the instruments only just respond, or 
respond with a small margin, so that a slight change of tune would render them entirely 
insensitive* Under these conditions they can receive from one similarly tuned station, 
hut from no other, others are thereby tuned out, unless the tops of their peaks (if they 
have any, which a good many have not) happen to coincide with the tune of the receiving 
station 

Another precaution that must be taken to keep the tuning sharp—that is to tty, not to 
damp out the oscillations at these very high frequencies—is to have the conducting wires 
so composed that they shall offer plenty of surface to the ether To this end they must 
be finely subdivided into insulated strands, because, otherwise, if they were solid 
conductors, only their exterior surface would take any part m conducting the current, 
and therefore the resistance would be very high, and the oscillations would be killed 
But by using as conductors a bundle of a very large number of excessively fine insulated 
copper wires, of high conductivity, sufficient total surface is exposed to give admirable 
conducting power, even to disturbances of the highest frequency used All parts of 
apparatus used for this purpose, such as receiving transformers and the like, should be 
made with wire of this kind, and never with a merely solid conductor, of which the 
sectional interior is useless Moreover, since the received EMF ( is very low, all 
questionable joints and unperfect contacts must be scrupulously avoided 

Ad^uttmeni of Tuning 

As for tuning at the receiving end it is managed in the first instance by putting 
between the two capacity areas a self-inductance coil, of a small number of turns, which 
are adjusted until the response, to the sending station desired, is a maximum A small 
part of this inductance is arranged to be easily variable, and capable of adjustment, 
but the main part of it (which, after all, is still not much) is used as the primary 
of the receiving transformer The number of turns depends on the wave-length desired, 
but for short waves as few as five turns is sufficient, and in order to compensate it a coil 
of a similar number of turns must bo inserted m the sending circuit But such insertions 
are of no advantage they are rather a disadvantage, and are therefore kept as small 
as may serve to make the transformer efficient 

The number of turns in the secondary of the receiving transformer again depends on 
the wave-length, but m a special case it consists of 35 turns connected in senes with a 
large capacity or air-condenser, which is capable of continuous adjustment in order to 
tune this also to the required frequency , and the coherer is arranged as a shunt or over¬ 
flow to this capacity, so that as soon as the excited oscillations have reached a certain 
value, the coherer has to respond This is an application of the overflow-method which 
I described in 1 Proc. Roy Soc.,' vol 60 

The capacity at which these receiving air-condensers are worked is generally found to 
be about a few tmih microfarads Their external appearance fa shown in fig 6 

The primary and secondary of the receiving transformer are mounted m such a way 
that they can be moved to and from each other j and by this means the disturbance 
received by the coherer can be minimised till it will only just respond 

That u the arrangement adopted for working on the top of the curve, and thereby 
getting the benefit of the accuracy of tuning, which accuracy—when all things ore so 
adjusted—every port of both sending and receiving circuit being carefully tuned, and tjie 
Iowa area elevated above the ground—« exceedingly remarkable. A difference in wave¬ 
length of one-half per cent on either side is sufficient to throw the tune completely off 
the top of the curve; and the response may be stopped even by so small a change as 
that Of course, if we do not want to work with such accurate tuning there is no need 
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to limit oneself to the top of the curve , it is easy enough to utilise more power, hut in 
that case one might piok up—and, as a matter of fact, we do pick up—signals from other 
stations By using the whole of the power available in the receiving circuit, we can 
hear the signals of all the stations round about, but by diminishing the power until we 
are working on the top of the curve of some one selected station, we tune out ail the 
others, and listen to that alone Even when the others are not tuned to alienee a skilful 
operator with a telephone receiver can pick out the message intended for him, just as a 
conversation can be carried on in a crowded room , but the tuning enables much more 
than that it is so perfect that a recording instrument can record the one upon tape and 
completely ignore all the others. 

Measurement of Warn-length 

To measure the wave-length, a method based on the sympathetic or resonant Leyden jar 
is employed, that is to say, an adjustable air-condenser is put m series with a self- 
inductance coil, and the coil brought into the neighbourhood of a single turn of wire in 
the sending circuit, so that it shall be operated upon inductively and thrown into 
oscillation when it is tuned to the right frequency The tuning is done by moving the 
plates of the air condenser, with an index pointing to a graduated scale, until the response 
of this sympathetic or subordinate closed circuit is a maximum The method is an 
application by Prof Braun of ray syntonic Leyden jar experiment. In the older form of 
the experiment the existence of this maximum resonance was shown by actual overflow 
m the form of a spark, or in some cases by the use of a coherer, but the simplest metrical 
method of observing it is to intercalate m its circuit some simple measuring instrument, 
such as a hot-wire ammeter, of which there are many suitable kinds The indications of 
this instrument easily enable the maximum position to be found, and by a calibration 
scale the wave-length is at once read off on the adjustable condenser The maximum 
reading on the hot-wire instrument also serves to indicate in a comparative manner the 
amount of energy being sent into the aerials 

Measurement of the Capacity of the Amah 

The capacity can be measured in straightforward manner by the Wheatstone bridge 
method, two arms of the bridge being resistances, the other two arms being the aerials on 
the one hand and an adjustable air-condenser cm the other By means of a seoohmmeter 
the system can be charged, insulated, and discharged some 30 or 40 times a second—a 
suitable galvanometer being placed in the bndge wire, and the air-condenser adjusted 
until its reading is sero 

At Elmer’s End and at I>owne the aerials can be changed so as to enclose either an area 
represented by 3 or an area represented by 4 The ratio of the linear dimensions 
therefore, in the two cases would be as ^/3 to </4, that is, ^3 * 0*366 The observed 
capacities measured in the above way were approximately as 6 to 7, which is equal to the 
ratio 0 86 But one cannot say that it u exactly 6 to 7, because it varies with different 
elevations to some slight extent One pair of readings made it 64 to 7*3, which gives 
rather a greater ratio than the linear dimensions—as, indeed, is quite right 

Effect of the Earth on Capacity 

Measured in this way, the capacity of the upper aerial, when the lower is lying on the 
ground, we will call IS. 

If the lower is thoroughly connected with the ground, the effect is usually just the eon*#, 
tested in this fashion, though at very high frequency it is certain that merely lying on the 
ground does not make fully efficient connection. 
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On insulating and raising the lower aerial 3 feet, which is about the least feasible 
when sag is allowed for, the capacity of the system falls to & On raising the lower aenal 
9 feet, the capacity falls, say, to 7 4, which as an illustration we may take as the 
minimum , for if it be raised to 16 feet, the capacity begins to increase again, owing to its 
commencing proximity with the upper aerial Thus, if raised too high, the capacity is 
increased for one reason , if depressed too low, it is great for another reason; an inter¬ 
vening position gives minimum capacity, and this is the position at which the sending is 
found to be best 


Measurement of Energy at the Receiving End 

For the purpose of measuring the received energy, a Duddell radio-micrometer la 
employed, consisting of a dead-beat instrument on a stone pillar, after the fashion of 
Boys’ radio-micrometer The instrument lias a single loop of wire, m a strong magnetic 
field, carrying a thermal junction which is actuated by the hot air rising from a very fine 
short wire This short fine wire is included m the receiving circuit—that is, between the 
upper and lower capacity areas—an adjustable self-inductance box being also inserted for 
the purpose of lengthening the wave os required, or an adjustable capacity being inserted 
, if it is found necessary to shorten the wave The received signals heat the fine wire and 
produce a steady deflection on the scale, which is then read , the self-inductance plug is 
then shifted and another reading taken, and so on until the maximum is found 

Hus is the tuned position The sharpness of tuning is recorded by plotting the 
readings over a fair range In the case of imperfect tuning, such as is experienced when 
the lower area is too near the earth, the value of the deflection, though it does rise to a 
low maximum, is not very diffeient for a small distance on eithei side , although if the 
peg is moved geveral holes the deflection can fall off to something like half its value 
When earth connection is actually made there is liardly any particular maximum or tuned 
position 

feat when the lower aenal is insulated and sufficiently elevated, the curve runs up into 
a high peak at one particular position of the plug, and the smallest shift on either side 
bnngs the value down enormously 

That, of course, is exactly the characteristic of sharp tuning, and having found the top 
of the curve in this way, which is very quickly done, the receiving inductive connection 
can be so weakened as only to allow the coherer to respond to something very near the 
maximum disturbance. For under those conditions it will respond to no other station 
thereby eliminating uuwished-for disturbances. 

But if at any tuue it is desired to receive from other statious, or, indeed, from all 
stations round about—or, say, from stray ships—then the inductive connection can be 
closed up again, so as to make the receiving instrument sensitive aud capable of 
responding, not only to the maximum, but to any disturbance, no matter how much out 
of tune it may be. This, for instance, is the condition In which a coast station would 
usually be kept, and it would only be screwed up to precise tuning when it was desired to 
■peak to one particular station without interference from any other 

Some few of the numbers thus obtained are recorded and plotted further on It must 
be understood that when these energy measurements were going on, telegraphic opera¬ 
tions were suspended These measurements are not necessary in practice they were 
made for scientific purposes. 

It is quite easy to arrange a series of frequencies or wave-lengths corresponding to a 
series of different stations, any one of which can be spoken to At pleasure by pegging in 
aping m the appropriate place 
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Perfection of Tutting. 

In this fay it was possible to receive at Hy the from Elmer** End* while a much more 
powerful and nearer Btation at Dover was making a disturbance which waa entirely 
eliminated It is easy to hear the ships m the Channel, but it u also easy to tune 
everything out and listen to the desired station alone A 5-per-cont ohange can be, and 
in actual practice is, made to throw a given station out and throw a neighbouring one in. 
There is no difficulty m contracting to work as close as that 

With changes of that order of magnitude, several neighbouring sending stations can be 
m ftA* to send to several neighbouring receiving stations without interference That is to 
say, “diplex” telegraphy is possible, though at present not “duplex” 

The accuracy of tuning on the Lodge-Mmrhead system is such that messages are sent 
between Burma and the Andaman Islands—a distance of about 300 miles—with lets than 
a liorse-power 

The power we use is small, but the radiation is so strong from an open circuit radiator 
that m places I fear we perturb the Admiralty We can tune them out quite easily, but 
we are informed that our radiation cannot be tuned out, their idea appearing to be that 
It is too strong I suspect, however, that the real fact is that their use of a sea or earth 
connection prevents their collector from being adequately tuned Our radiation is of * 
one perfectly definite wave-length, and of that alone 

Effect of the Earth. 

If the earth were a perfect conductor, it would presumably act like a mirror, preventing 
the waves spreading m that direction, and thereby doubling the intensity of any radiator 
above it, except that in certain places there would be liable to be interference bands, 
where the difference between source and image was equal to half a wave-length Such 
interference, however, chiefly occurs in the case of those long trains of waves appropriate 
for tuning For single pulses—that is to say, the snaps needed for untuned signalling— 
the effect of a perfectly conducting earth would probably be good, and in so far as the 
sea is a moderately good conductor, connection with the sea may be advantageous for 
such ■igna.llmg , but for tuned relation between stations it is becoming clear that even 
the sea is not a good enough conductor, and the land is certainly much too bad, so that, 
instead of prolonging the oscillations, its resistance wipes them out and kills them It is 
far better to ignore the earth and work independently of it, both at the sending and 
receiving end, taking care to keep everything insulated We thereby gain the advantage 
of being independent of fluctuations in the quality of the soil, in respect both of 
permanent geological quality and of variable heat and moisture, and we also get far 
better tuning 

On the tram of waves which is passing between distant stations, the earth probably 
has no particular influence, except by reason of itB irregularities and obstructions \ but 
over great distances it is possible that they may be reflected advantageously in the good 
conducting upper regions of the atmosphere. But with extremely great distances 
Mr Marconi has chiefly dealt My object has been to perfect the tuning for moderate 
distances 

Etqpenmtvti* on the Effect of varying the Height of the Eower Aortal at both 
Sending and Becetvmg Statton*. By Sir Oliver Lodge, and Or 
Alee. Muibhrad, F.B.S. 

We will now quote some measurements exhibiting both the accuracy of 
tuning obtained and also the destructive influence of earth connection on 



1 $ 08 »] Syntonic Wireless Teleymphy. 241 

tuning, and wa desire to record the energetic and most efficient help we 
have received from our chief assistants, Mr R E. Robinson and Mr. W J 
Blenheim, who have spared no pains to make and to repeat accurate series of 
measurements and to obtain trustworthy results, being themselves greatly 
interested w the surprising accuracy of the tuning and m the measurements 
of the considerable fraotion of emitted power received at a distant station 
when real syntony is established 

Specimen of Measurement* made on Feb 22 , 1907, at a Sample Set . 

Elmer’s End sending, Downe receiving 

Elmer's End sending in accordance with the following programme of work — 

Keep upper capacity at masthead all the time 

From 12 16 to 12 45 send with lower capacity 46 feet from the ground 


H 

2 30 „ 3 0 


ii 

35 

ii 

ii 

II 

330 „ 4.0 

ti 

n 

24 

n 

ii 

II 

4.30 „ 60 

ii 

ii 

13 

ii 

ll 

II 

530 „ 60 

ii 

ii 

46 

ii 

ii 


Keep the condenser reading on wave-length-measurer at K « 4 2, and adjust wave¬ 
lengths to this 

Keep the power at 450 actual watts, and the spark-length at five times ^ths of an 
inch (A senes of short spark-gaps being found tatter than one long one) 

Measurements made at Elmer's End during the Sending 

Upper aen&l at masthead , 60 feet up at centre and 67 feet at comers 
Lower aenal at various heights as given below. 

Alternator volts • . 104 Speed of alternator 2530 revs per nun 

Alternator amperes 7 5 Frequency of alternate 210 per sec. 

Apparent watts780 Spark-length 5xA inch 

Actual watts t. 475 

Distance between primary and secondary G£ inches, 
of wave measurer 

Height of lower aenal, changed between 46, 35, 24,13, 46 feet respectively 
each set of observations and being 

Hot-wire ampere meter reading in wave 2 6, 2 475, 2 375, 2 25, 2 65 
measurer 

Ampere meter in aenal . . 9*5, 8 8, 8 3, 7 7, 9 6 

K (condenser) reading 4 2 for all except the last, when it was 4 25 

Wave-length .... .441 metres for all except the last, when it 

was 444 metres. 

Ampere meter in aerial.7'7 amps, 7 15, 6 8 ,6 25, 7'7, 

Measurements made at Downs during the Receiving 

With the upper aerial also at masthead all the time (corners 64 feet, centre 49 feet 
above the ground), the lower aerial at varying heights, not quite the same height as at 
Elmer's End, because the aerials are smaller, but at corresponding heights 
The self-induction was varied by plugging in different studs, and a set of readings 
taken for each stud. 
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In each com the reading recorded is the mean of five actual reading! taken on the 
Duddell hot-wire instrument placed in the receiving circuit. 

The stud expected to give beat tuning was in the first series stud 24—25, in the aeoond 
26, xu the third 27, in the fourth 26 


First Set —Lower aerial 34 feet up 


Stud | 

Received energy 

24 

148 

28 

106 

26 

102 

26 

61 


Stud | 

Received energy. 

27 

24 

25 

100 

24 

140 

28 

112 


Second Set —Lower aerial 27 feet up 
Stud 26 reckoned best beforehand 


Stud 

Received energy 
Duddell instrument 

Stud 

Received energy 
Duddell instrument 

25 

336 

20 

46 

26 

207 

24 

102 

27 

170 

28 

101 

28 

83 

22 

56 


Third Set—Lower aenal 20 feet up 


Stud 27 reckoned to be best. 


Stud 

Received energy 
(hot wire) 

Stud 

Received energy 
(hot wire) 

27 

660 

26 

468 

26 

866 

25 

275 

20 

186 

24 

140 

30 

93’6 

28 

62 


Fourth Set —Lower aenal 13 feet upw 
Stud 26 reckoned to be best 


Stud. 

Reoeived energy. 

Stud 

Received energy 

28 

770 

23 

110 

27 

760 

20 

565 

26 

460 

30 

209 

25 

376 

91 

145 

24 

167 

82 

90 
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Fifth Set —Lower aerial once more 34 feet up. 


Stud 

Received energy 

Stud 

Received energy 

24 

118 

26 

134 5 

28 

66 

28 

08 

22 

29 

27 

47 

21 

18 

28 

35 


Plottings of the Headings 

In figs. 7 and 8 all these five sets of measurements are plotted Fig 7 
shows the figures as here recorded, fig 8 shows them as amended by aid of 
the measurements plotted in fig. 9. 
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Fto 7 —Readings of Energy received at Fio 8.—Improved plotting of results shown in 
Downs, in terms of studs of Inductance *'ig 7, ui terms of Wave-length. Feb 22, 

Feb. 82, 1907 1907 


Deflexio ns of the micro-ampere meter, or hot-wire instrument, are plotted 
vertically. Variations of wave-length, m terms of studs of the induotanoe 
box, are plotted horizontally 

0 corresponds to a wave- leng th of 440 metres. The curves are Cumbered 
in the order in which they were taken. The last curve (No 5), it will be 
noted, is shifted to the right, but that is entirely accounted for by the fact 
recorded in the set of Elmer's End (not Downs) readings (see first list of 
measurements xooofded, p, 241) The sending condenser happened in that 
ease to be adjusted to 4*25 instead of 4*2, so that the wave-length was 
vol. urxxn. —a. s 
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increased by nearly 1 per oenfc Hence the apparent defect u really a 
corroboration of the correctness of the measurement, for this change was 
not known by the observer at Downe, except from the fact that he received 
that same slightly increased wave-length 

Improved Plottings of the Measurements. 

But the plotting of the curves by stud readings is imperfect. they should 
be plotted accurately to wave-lengths as explained below, and in fig 8 they 
are so plotted The real precision of tuning, and the occurrence of the 
maximum.at a definite wave-length, in all cases between 441 or 442 metres— 
except the last case which is 444 for a reason explained—come out here 
much more prominently. Otherwise fig 8 represents the same facts as fig. *1 


Wave-length 

For the purpose of getting the wave-length accurately, wave-lengths were 
measured corresponding to the different studs for different elevations of the 
lower aenal Only one set of plottings is shown as a specimen—that for 
the lower aenal at 13 feet above the ground, and for this also the corre¬ 
sponding readings are given 


Sample Readings of Wave-length plotted m fig. 9 


Stud 

K or adjustable 
condenser readings* 

Wave-len 

By measurement 

jtb*. 

By curve 

23 

8 8 

418 

418 

24 

8*0 

428 

428 

26 

4*0 

427 

428 6 

26 

4 1 

486 

488 6 

27 

4 2 

440 

489 

28 

4 8 

446 

444*6 

20 

4 4 

460 

449 6 

80 

4 6 

465 

456*0 

81 

4*6 

461 


82 

4 7 

467 

468 6 


The last column shows the wave-length as obtained from the curve, and 
therefore with mere irregularities of readings smoothed out 
The curve in fig 9 looks straight, though more extended examination m 
other oases shows that it is really a small portion of a curve, aa it ought to 
be, but these other measurements are not reproduced. 
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Fio 9.—Wave-length determination!) corresponding to different self-induction studs. 

Feb 21, 1907 


In the diagram, fig 10, another aeries of measurements is shown, selected 
at random from some taken on other days One group of this Benes was 
obtained with the lower aenal actually on the ground and connected to earth, 
this is plotted as the horizontal flat curve at the bottom, and shows how 
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almost entirely all tuning haB disappeared, having been destroyed by earth 
connection Another set was taken with the lower aerial raised only 3 feet, 
and instantly the sensitiveness is vastly increased, the same power produces 
an enormous result at the proper tune, and the measurements show that the 
curve of reoeived energy for different wave-lengths rises to a high peak at one 
definite place. On raising the lower area rather too high, to 15 feet, the 
peak is a little lower, because the radiating power is diminished by the 
dosing up of the capacity areas, but the tuning is even sharper 

During this senes, Elmer’s End was sending with 475 watts, 5 x 3/16 mob 
sparks, wave-length 440 metres, in each case. 

Diagram 11 shows the energy received at Downe on March 7, with the lower 
aerial in different positions —(1) Thoroughly earth connected, (2) lying on 
the ground, but not otherwise connected, (3) elevated to a height of 6 feet. 

It is to be understood that the upper aenal continued at the same height 
throughout. Elmer’s End was sending with 400 watts, 5x£ inch gaps, 
wave-length 440 metres 

On this day the recording ammeter was purposely reduced in sensitiveness 

The immense improvement of a capacity area even slightly rowed from 
the ground (a few feet only) is m this as well as in the preceding diagram 
conspicuous And the difference between lying on the ground and good earth 
connection is also notioeable, and though both conditions are very bad, the 
latter is the worse 

To give an idea of the absolute quantities involved, a calibration of the 
energy receiving instrument, carried out later, shows that a deflexion of 
400 divisions meant 3 milliamperes the relation between the readings on the 
hot-wire instrument aud the corresponding received current being plotted in 
the diagram Fig 12 repiesents this calibration of the instrument used to 
measure the received energy, and shows bow well the Duddell hot-wire 
micro-ampere-moter answered the purpose 

Received Fraction of Emitted Energy. 

In a certain case the current received at Downe was 46 milliamperes, and 
the resistance of the hot wire whioh indicated it was 20 ohms. 

This means, for the time, a power of 21 microwatts. The nominal power 
at the Elmer’s End station was 400 watts, but of oourse this was emitted 
intermittently, and the actual power at the instant of sending must be 
quite otherwise estimated A very rough guess makes the factor of efficiency 
10"* for this cross-country distance of 7 miles. 
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Measurements of Capacities at Different Heights 

Another set of measurements of some interest records the effect on the 
capacity of varying the height of the lower aerial from 0 to 18 feet These 
are plotted in fig IS, the upper aerial being at masthead all the time It 
will be seen that there is a shallow minimum at the height of 9 feet, and 
that is the height at which it is usually adjusted for most efficient sending 



to measure Energy received March SI, the Lower Aerial at different heights above 
1907. tiie ground 

This minimum occurs at different heights at different stations, in cor¬ 
respondence with the sizes of the aerials and the heights of the upper 
aerials were also different At Elmer’s End the minimum occurs at about 
12 feet up, at Hythe, 20 feet, at I)owne, 6 feet And m each of the three 
nnaaa it was found by actual experiment that the station radiated and 
received most powerfully when the lower capacity was raised to these heights. 

Effect of Varying Height of Upper Aenal 

The placing of the lower aerial m or about the best position is an 
important matter in praotice The elevation of the upper aenal is merely 
a matter of convenience and expense But it seemed desirable to ascertain 
how the radiating power was affected by varying the height of the upper 
capacity area, keeping the lower one constant, and accordingly the measure' 
ments plotted in fig. 14 were made 

For this purpose the height of the upper aerial was the quantity modified 
in this set of observations, the charge being made at both stations so as to 
make the two stations correspond with the best tuning position It u to be 
that with each height of the sending aerial a complete set of 
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readings was taken at the receiving station, so as to get the sharpness of 
toning depicted, as well as the best power received. It was, of course, 
some trouble to change the height of the upper aenal, and it would never 


Fig 14. Fro IB, 



Fzo 14 —Experiments on effect of varying height of Upper Aerial at both Stations, the 
Lower Aerial being at a fixed height at both stations. 

1 Elmer’s End, U A full height, Downe, U.A full height. W -1 410 m. 

n n i full height, Downe, U A full height. W -1 410 m 

3 „ „ „ „ | full height W -1 410 m 

* w » £ i» n » » ^ m 

a *» n II n i n w » 

® » » i >» it n »t 

Fio IB —Another set of Experiments on effect of varying height of Upper Aenal at both 
Stations, the Lower Aenal being at a constant height 
1 Elmer's End, U A full height, Downe, U A full height W 4. 410 m 
S „ „ { full height; Downe, U.A | full height W -1. 410 m 

« » I *i » i »» »* 

be done in practice, but it was done for this series of experiments. It 
will be observed that the tuning becomes less sharp as the upper capacity 
area is lowered; and of course the received energy decreases fast as the 
lowering continues. 

As these expenments are not likely to be repeated, the plotting of another 
set of observations u likewise given in fig. IS. And in fig. 16 the maximum 
energy received at Downe, when tuning was best, is plotted against the 
height of upper capacity area as abscissae 
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Another eet of troublesome observations was made m order to ascertain 
the effect of varying the size of the capacity areas f keeping their heights 



Flo 16 — Maximum received Energy at Downe, in term* of Heights of Upper Aerials. 


constant, thereby, of course, eli&nging the wave-length very considerably, 
but it was not necessary to change the aerials at the receiving end also. 
The size at the sending end alone was modified, the tuning at the reoemng 
end being managed entirely by changing the amount of inductance plugged 
into the receiving collector The effectiveness of this method is deputed 
in fig 17. 



Fie. 17 —Wave-lengths as set at Elmer's End, plotted Fie 18 —Elmer’s End sending on fell- 
vertically Stnd readings st Downe when stations in sine Aerials, 400 metre wave, 

tenet plotted horiaontaUy April 18,1807 000 watte Downe receiving— 

Exph 1, on fuU-eiae or 60 ft side, 


Sxpt 8; aerials 08 ft side ;Expt 8, 
serials 80 ft side April >0,1807. 
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In this ease, therefore, the receiver is virtually responding to different 
stations, each with its own wave-length, and fay referring to fig 18 it will be 
seen how readily it could piok out one station and listen only to that, 
especially by working at the top of the curve— ie, at the position of least 
sensitiveness, with the induction coupling very loose For instance, between 



0 l 194567 S 9 10 Uei)ltI5BQlM»at2 «lm & * 

Studs 


Fie. 18.—Downs receiving on fall-size Aerala Elmer’s End sending on different sizes, 
viz Expt 1, 91 ft sides, 300 watts, Expt 2, 72 ft sides, 400 watts, Expt 3, 
88 ft. sides, 420 watts, Expt 4, 91 ft sides, 000 watts; Expt. 0, 90 ft sides, 
000 watts 

the two nght-hand curves—which are the closest together—the wave-length 
haB changed from 392 to 405, that is to say a little over 3 per cent, but it 
would be practicable to tune out either of these stations and listen to the 
other alone. 

In fig 19 the converse is shown. That is to say, the sender has a fixed 
aerial, and the sise of that at the receiving station is modified; thereby 
making it correspond to different stations, each tuned up merely by plugging 
m or out induction in the shed—a very quick operation 
To find whether the received energy depends more on the linear or on the 
superficial dimensions of the receiving aerials, the observations were plotted 
as in fig. 20—curve 1 is in terms of area and curve 2 in terms of length— 
and it is seen that the received energy depends on a mean between the 
length and the area—as would be expected 
The measurements plotted in tig 21 represent a large amount of work. 



zoo 








MO MP »o *U? 


Pick Si —Plottings of Energy received st Downs with Lower Aeml at different heights* 
Elmers End sending with Lower Aeml at corresponding heights. Elmer’s find 
Aerials, 81*5 ft sides, Downs Aerials, 67 ft sides. 
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Each carve represents a aeries of measurements taken between a couple of 
stations with the lower capacity area of each adjusted to different hut 
corresponding heights, sagging being prevented by a support m the middle 
as well as at the corners In these experiment* the aerial was reduoed in 
size to three-quarters what it had been, to see if that reduoed the sensitive¬ 
ness importantly, but it made very little difference. The stations were not 
readjusted each time to a constant wave-length, as m fig 7 or 8, and no 
self-induction was inserted at Elmer’s End, but it was allowed to emit the 
natural wave-length pertaining to the aenal. After each adjustment of the 
lower aenal, therefore, it emitted radiation of a different wave-length, so as 
to constitute virtually a slightly different station The wave-lengths are 
plotted as abscisses 

A senes of measurements was taken in each case at the sending end, so as 
to include the best wave-length and to observe the tuning The tuning m 
every case is quite good, and the lower area was not put into contact with 
the ground m this senes, because it had become abundantly and constantly 
clear that tuning was thereby practically destroyed, no special wave-length 
being emitted from an earthed radiator or received by an earthed collector 
much more readily than any other Besides, the sensitiveness in such cases 
was reduced to a very insignificant value. 

One object of the senes was to venfy Whioh height of the lower aenal 
gave the best effect at a land station, and to ascertain whether the best 
height was really at the position of minimum capacity as had appeared likely 

To this end the sum of the capacities of the aerials at the two stations was 
plotted, and is shown m ourve No 2 of fig 22. Only it is plotted in an 
inverted position, corresponding to the inverted capacity values on the nght- 
hand side of the diagram, so that the minimum capacity comes at the top of 
the ourve instead of at the bottom. And above it is plotted curve No 1, 
the maximum values of the received energy in the different cases of fig. 21, 
in accordance with numbers on the left-hand side of fig. 22, the abscisses 
in 22 being the heights of the lower capacity area—the upper one being kept 
constant. 

It will be observed that the maximum received energy does really 
correspond fairly with the minimum capacity: that is to say, with the 
position in which the earth interferes as little ae possible, while yet the 
radiator and collector are not so close together as to begin to be inefficient 

A great number of other measurements have been made, but they are all 
confirmatory of what is shown in the above selection, and it is thought 
unnecessary to publish more than the above sample of the work. 
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HwgHCa of )ower aerials, In feet • 


Carve 1 —Maximum Energy reoeived, in terms of heights of Lower Aerials Data from 
fig 21 

Carve 2 —Capacity of Elmer’s End and Downs Stations, added together, in terms <4 
heights of Lower Aerials. (Curve inverted) 

Postscript —It is hoped to submit a communication on some theoretical 
considerations at a later stage 

Added February, 1909—From the above paper an account of the most 
striking experiment to illustrate the facility and perfection of tuning on this 
system, when insulated capacity areas are employed without any earth 
connection, was omitted The experiment was made on May 14,1907, and 
may be thus briefly described — 

At the two stations, Downe and Elmer’s End respectively, the upper 
capacity area of each aenal (fig 1) was bisected diagonally, the two triangular 
halves being insulated from each other, and each connected to its own 
independent sending or receiving arrangement. The lower aenal was not 
bisected, but was doubled; an additional insulated area being placed a few 
feet below the ordinary one. By this means each station was practically 
doubled, and the two halves at each station corresponded to a different 
wave-length. 

Two automatic senders at Elmer’s End were then set to work simul¬ 
taneously, one to transmit the word "Liverpool" many times m succession, 
title other the word "Steamships" continuously m the same way Two 
independent reoeivers at the Downe station—one of them a siphon recorder 
and one a telephone, though both might easily have been automatic 
recorders—each of them inductively connected with one half of the 
aerial there, now reoeived simultaneously, one of them a succession of 
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“ Liverpools,” the other a succession of " Steamships,” without the slightest 
confusion or interference or overlapping of any kind 

In other words, diplex telegraphy (as distinct from duplex) was found 
quite easy on this system of tuning which was specified by one of us in 1897. 

Added March 8, 1909—Another experiment more recently tried is the 
following —Two stations were arranged at Downe, 1200 feet apart, either of 
which could speak with great ease to Elmer's End, and was Btroug enough to 
speak to a station 30 miles away One of the Downe stations was then 
switohed on to “ receiving," and both Elmer’s End and the other station at 
Downe were set speaking to it 

The wave-length of one was 300 metres, of the other, 660 metres, bo aB to 
compare Civil with Admiralty conditions. 

By the mere motion of a handle the frequency of the receiving station 
could be altered at will so as to correspond either with the neighbouring 
sending station 1200 feet off, or with the distant sending station seven miles 
off,—which distanoe might, however, have been increased immensely without 
any difficulty A lew trees intervened between the neighbouring stations 

Under these circumstances, when properly adjusted, each station could be 
heard separately, that is to say, messages could be received first from one 
tuned-in station, and then from the other, without any disturbance from the 
station tuned-out, although both statiouB were sending all the tame strongly 
and simultaneously The ease and large margin with which selection could 
be achieved shows that the two neighbouring stations could have been put 
still nearer, while still retaining the power of complete tuning-out 

Retxwed March 26,1009 —Further experiments in the s&xhe direction were conducted 
m follows — 

The two stations at Downe, 400 yards apart, were re-arranged so that there were no 
trees between, only a few low hedges, thus making the test manifestly more severe. A 
given power was then employed for sending at one of these neighbouring stations, and 
the same power at the distant Elmer’s End Station, while the other neighbouring station 
was arranged for receiving from either of these two at pleasure. Experiment was now 
directed to determining the conditions under which the neighbouring station could be 
completely cut out, while still the distant one could be clearly heard. In other words, to 
determine the separation between the primary and secondary of the inductive connection 
(fig 6) which eliminated all disturbance from the neighbouring station adjusted to 
ordinary oommemal wave-length, while it permitted perfect signals to be received on 
the siphon recorder from the tuned station of longer, or more nearly Naval, wave-length. 

Cam 1.—Elmer’s End sending with a wave length of 560 metres. Neighbouring 
Downe sending with a wave-length of 300 metres. The receiving Downe station waa 
attuned so as to cover a range of wave-length about 380 metres on the avenge, but 
extending more than 20 metres above and below Under these conditions it waa possible 
completely to oat out the local station on a coupling of 3} inches, that is with ty inohea 
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tenanting primary and secondary coil of the inductive connection Whereas from 
Elmer’s End perfect signals could be obtained without disturbance on any coupling 
between 3} and 7 inches Indeed as the exact pitch was reached at the receiving 
adjustment, the signals received boomed out, as it were, very strongly 
Cask 2 —The Elmer’s End wave-length was shortened to 610 metres the local Downe 
station remaining at 800 metres and again a senes of readings was taken at the 
reoeiving Downe station adjusted to an average of 610 metres wave-length. The 
coupling separation which now just managed to cut out the local station was 4 inches* 
Anything above 4 inches gave perfect signals from Elmer's End, and no disturbance. 

Cass 3.—On shortening the distant wave-length still more, so as to make it 460 metres, 
the neighbouring station could not be completely cut out without at the same time intro¬ 
ducing a trace of superposed disturbance into the messages received from the distant 
station. 

Case 4.—The difference of wave-length between the two stations was now therefore 
again slightly increased the Elmer’s End wave-length being adjusted to 480 metres, 
with the local station still remaining at 800 
In this case perfect and strong signals could be received from Elmer's End again, but 
the separation of the inductive connection had to be as much as 6 inches m order 
completely to cut out the local signals from the neighbouring station 

It follows, therefore, that when two powerful stations are so excessively near each 
other as they were in this case (in adjoining fields), & distant signal can be heard with 
perfect clearness, i e , without any trace of disturbance, only when its wave-length is 
more than half as great again ns the neighbouring station f but that undisturbed 
signalling is much more easy when it approaches double that magnitude , or, of course, 
when the neighbouring stations are not quite so close together 
In no case was any trace of harmonic detected, e q , when a station was sending 
300 metres, and the neighbouring receiving station was attuned to 600 metres, it did not 
necessarily feel any disturbance The waves emitted and received by these radiators 
appear to be practically pure 


Summary 

1 Perfection of tuning can be attained in spark telegraphy when the 
radiator and receiver are both persistent vibratois which can be accurately 
tuned together 

2. These vibrators oonsist each of a pair of insulated capacity areas, well 
raised above the earth The effect of the earth, in so far as it is allowed to 
act, is to damp out vibrations and so to spoil tuning 

8 To prove this, the received energy was measured at a distant station by 
a Duddell hot-wire meter, and a series of measurements was taken with 
the lower oapacity at different heights above the earth, and also when 
connected with the earth 

4. Directly land-earth connection is made, tuning of the radiator and 
collector is nearly gone, for they no longer have any persistent free vibration 
pflriH . Samples of a large number of measurements are recorded m the 
paper. 

5. Hie sensitiveness of a thoroughly tuned Lodge <Muirhead system is 
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extreme, email power is sufficient, and the inductive connection of the 
collector to the receiving instrument may be separated by a surprising 
interval without Btoppmg communication 

6 Two sending instruments oan work at once on the same aerial bisected 
electrically, and at the distant station two receiving instruments oan receive 
independently and simultaneously lrom the corresponding halves of an aerial 
there. 

7 Under these non-earthed conditions every other station, even near and 
powerful ones, can be tuned out and their disturbance eliminated 

8 The importance of the possession of power thus to hold conversation in 
the midst of disturbance, without being affected by it, and the naval danger 
of being without such power, are emphasised. 


On the Influence of their State in Solution on the Absorption 
Spectra of Dissolved Dyes 

By S E. Shbp^abd, D Sc (Lond), late 1651 Exhibition Scholar. 

(Communicated by Sir William Ramsay, K C B, F R.S Received March 9,— 

Bead Maroh 18, 1909 ) 

In a previous investigation of the absorption spectra and sensitising 
properties of some wocyamne dyes,* the mfluenoe of the solvent waB 
examined and it was found that the absorption maximum was shifted toward 
the red as the refraotive index of the solvent increased Thu u in 
accordance with Eundt’s law The absorption in water, however, differs 
markedly from that in organic solvents In the latter the spectrum consists 
of a prominent hand in the orange and a half-shade nearer the blue f In 
water this half-shade has beoome a separate band comparable in intensity 
with the orange Absorption curves in aloohol and water are shown. 

It u convenient to term the band near the red the ^-(organic) band, the 
one nearer the blue the «-(water) band It appoared desirable to investigate 
this difference further, 

* 'Cham. Soc Trans,’ vol 95, 17 (1909), and ‘Boy Phot. Soc. Journ.,’ vol 48, p 800, 
190B. 

t The a-band is at a* 536 pp, the (3-bsnd at 576 pp, the positions depend on the 
isocyanine (mde papers quoted) 
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The Action of Alkali 

Aqueous solutions of the isooyanineB are very sensitive to traces of amd 
even the CO* from air being sufficient to discharge the colour The change 
from a colourless to a coloured state is probably due to the salt formed 
having a different structure * But whilst the first additions increase the 
colour, beyond a certain point further morease of alkali lessens the intensity 
of the a-band, whilst leaving that of the /9-band relatively unaltered. This 



W m absorption in water A « absorption m alcohol 


change in the ratio of the absorptions was followed speotro-photometrioally, 
the instrument being an improved form of the HUfner spectro-photometerf 
In Tables I and la measurements for two different uocyamnes are given 
The action of alkali is complex and not easy to interpret. At first it 
increases the total absorption, which we may attribute to the formation of 
die true dye, tautomeric with the colourless form The concentration of this 
in presence of excess of alkali should remain constant: actually the intensity 

* This question is discussed in tbs papers cited, 
t See 'Theory of Photographic Prooeas ’ (Longmans, 1807), p 88. 






258 Dr. Sheppard. On the Influence of their State in [Mar. 9, 

Table I. 


Oono. of alkali, KOH 

£ at 640 pp. 

X st 687 

Batio 

Per cent 

0 *4 

0*046 

0*871 

1*086 

0 8 

0*960 

0 874 

1*092 

1 8 

0*063 

0 871 

1 102 

8 a 

0*017 

0*706 

1 198 

0 4 

0*010 

0 620 

1 600 

IS 4 

0*740 

0 482 

1 780 

18 4 

0*603 

0*879 

1 720 

after 80 minute* 





Table Ll 


Oono of alkali* 

£ at 686 fAft 

£ at 676 fifA. 

Batio 

Per cent. 

0 244 

0 861 

0 676 

0 2 

0*440 

0 687 

0*82 

0 6 

0 610 

0 698 

0 866 

1*0 

0 641 

0 688 

0*962 

2*0 

0 602 

0 478 

1*006 

4*0 

0 606 

0 420 

1 190 

8*0 

0*611 

0 874 

1 870 

10*0 

0 490 

* 0*262 

1-860 


2 m the Bunsen extinction coefficient, calculated from the relation I — 1*10"**, when I end Io 
are the transmitted and incident mteimtieii 

d t the thicknen, in thu case 1 *00 cm The concentration of the dyoc was 1 in 100,000 
of the *-band remains constant, that of the /9-band diminishes, over a certain 
range, ultimately above a certain concentration of alkali the solution becomes 
turbid. In alcohol no action of this nature oould be observed— 

Cone of alkali . 0 05 10 40 80 per cent 

Batio 2/9/2« , . 2 27 216 2 20 2 23 2 23 

This would seem to preclude the idea of a chemical modification The 
increasing turbidity, amounting finally to precipitation, suggested that the 
change involved was one of aggregation, the dye being present in various 
stages of aggregation, from true solution to suspension, and that the alkali 
ooagulated the finer partioles On this view the «-band is due to a 
suspension, the /9-band to a colloidal solution, but one very near true 
solution To test this hypothesis, the “ solutions " were examined with the 
ultramiorosoope. A Zeiss mioroscope was used with a paraboloid substage 
condenser,* being the second arrangement of Siedentopf and Zsigmondy,t 

* Tor the principles and technique, see B. Zsigmondy, 'Zur Brhe n n t mse A Kdloide, 1 
Fischer, Jena, and A. Cotton and H Mouton, 'Lee Ultramicroeoopes,’ Mssson at Cm, 
Paris. 

t Cotton and Mouton, lot. at , p. 62. 
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and this parallel investigation of the state of aggregation was extended to 
other dyes 

For brevity, the results are expressed in tabular form, some are then 
discussed in greater detail — 

Table II 


Solvent 

Colour 

Absorption 

maximum 

Appearance 
m ultra 

’ 

Electrolytes 



in nft 

« 



Isocymmo * 


Water 

Reddish purple 

685 and 676 

Large number of 

Increase m number and use 



small granules 

of grains, especially KOH, 

Alcohol * 

Purple 

677, and half 

1 

1 

No notion 


shade at 686 


Chloroform 

Purple 

60S, and half 

Nearly optically 


1 

shade at 640 

cloar 




Cyanine (lepidine-cyanine) t 


Water 

Reddish violet 

Max at 600, 

Many grains 

Increase in number and size 



ill defined 

of grains 

Alcohol 

Blue 

1 

i 

606, well de 
fined 

Very few grains 

No action 


* p tolutjuiniildine-p-ethoxy-qainohne ethyl cyanine bromide 
t Lepidine-jeo amyl-cyanine 


Table IIa 


Solvent 

Colour 

Absorption 

maximum 

Appearance 
in ultra 

Electrolytes 

. 


U»w» 




Pinacyanol 

* Curve 2 


Water 

Rose-pink 

606--610, flat, 
ill defined 

Many grains, some 
greenish blue, others 
brilliant yellow. 

Cone KOI gradually 
coagulates, KOH 
makes turbid Ab 




Small suspended 
crystals also 

sorption shifted 

Alcohol 

Deep blue 

640, strong, 
667, weaker 

Very few grains, 
much sraallerf 

No action 

Xylol 

Deep blue 

— 

Very few grains 


Chloroform | 

i 

i 

1 

1 643, strong j 

Optically clear 

i 


brighter 

| 692, weaker 

Very few small grains 

i 

Quinoline | 

GreemSh blue 

i 660, stroug t 



606, weaker 




Pinaohrome blue.t Curve 3 


Water 

Rote 

686, flattwh 

Similar to pmaoyanol 

Coagulated At first, 



shift of absorption. 

Alcohol 

Blue-green 

La. 

660, strong \ 

Very few grains 

No action 


686, weak 




* The piiuumnola are dyes of unknown constitution, but allied to the leocyamnes. The 
om need was imm p-efchoxy-quinaidme 

t The sum » judged from the brilliancy % Allied to the pinacyanols. 


vol. txxxa— A. 


T 
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Cvavk 2 —Pinacyanol 

A, X m 200,000 alcohol. W, 1 in 100,000 water. 



K - absorption in n/50 KOI 

P*o economise space, only the curves are given, and not the tables of extinction- 

coefficients) 


It is evident that the dyes are contained m quite different form m water 
and in aloohol, or organic solvents The evidence that they are partially m 
suspension, partially in colloid solution, was as follows:— 

(a) They are ooagukted by concentrated solutions of XC1, more rapidly 
by di- and trivalent cations, as Zn, Mg, AL The procees could be followed 
microscopically in the manner used by Linder and Pioton with colloid al 
Aa*S» 
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Table III 


Solvent 

Colour 

Absorption 

maximum 

Appearance 
in ultra. 

Electrolytes 


Sky-blue extra (Licbtblau) See Curve 4 

Water 

Alcohol « 

Blue 

Peep blue 

Ca 610, band 
very bread 

610, band sharp 
and olear 

Many grains 

Very few grains 

Gradual coagulation 

No action 



Congo blue See Curve 6 


Water 

Aloohol 

Turbid blue 

Blue 

660, dip at 666, 
max at 600 

Max at 600, 
sharper shading 
to blue 

At fa per cent many 
grains small, at fa per 
oent few, but luminous 
field 

Very few grams 

Amd precipitates 

KOH, dears di* and 
tn valent cations pre¬ 
cipitated 



Curts 6—Congo blue 
K ■* absorption in 1 per coat KOH 










262 Dr Sheppard. On the Influence of their State in [Mar. 9, 

(b) Aqueous solutions are coagulated by repeated heating and cooling, 
though not so completely as by electrolytes 

(c) The aqueous solutions show the Tyndall eone with an intense beam of 
light The further ultramicroscopic appearance is given in the tables. 

The remarkable difference m the absorption-curves of aqueous and organic 
solutions of pinacyanol and pmachrome blue is shown m the curves. 
Further, it is intei esting to note that the addition of KC1 m quantity 
insufficient to precipitate the dye immediately shifted the absorption still 
further toward the blue This points to the particle-size as being one factor 
in modifying the absorption 

Collotd Solutions of Dyes. 

Recent investigations have shown* that a very considerable number of 
dyes exist in pseudo- or colloid solution in water Michaelis, from their 
ultramicrosoopic appearance, divides them as follows — 

(a) Optically, completely resolvable, showing granules at the greatest 
dilutions Such are many sulpho-dyes, as induline, violett-scliwarz, aniline- 
blue 

(b) Partially resolvable, showing granules to an increasing degree above 
a certain concentration Such are fuohsin, methyl violet 

(e) Not resolvable Generally fiuoresoent As fluorescein, toluidine 
blue, eosine. 

From the experunents detailed above it would seem that pinacyanol and 
pmachrome blue belong to the first class, cyanine and isocyanine and sky-blue 
extra to the second But all pass into the thud in organic solvents, and the 
important point is, that this change in the state of aggregation is accompanied 
by a marked change tn the absorption spectrum It appears that care must be 
exercised in correlating all colour ohanges with structural modifications 

Action of Temperature 

Whereas so far the disaggregation producing true solutions was only 
obtained by changing the solvent, the important result was obtained that on 
heating the aqueous solutions of pmachrome, pinacyanol, twoyanine, and 
cyanine, the pseudo-solutions passed into the state of true solution, the 
colour gradually changing, and the optical heterogeneity disappearing With 
pinacyanol the ohange appeared to be complete above 100° The change 
was followed quantitatively for uooyanme and pinacyanol 

The Hiifner spectrophotometer not being quite suitable, a Konig instrument 

* Cf B. H Buxton and 0 Teague, ‘ Zeitechr. phye. Chem.,’ voL 60, p. 4, 1907 i 
L. Michaelis, * Virchow’* Archiv,' vol. 179, p. 195, 1905. 
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was employed The method was to compare two exactly similar solutions, 
one kept at 20°, the other heated to a known constant temperature Two 
exactly similar tubes of 20 cm length were constructed, the ends being 
closed with plate glass and having apertures for thermometers One was 
heated by a coil of wire through which passed the lighting current, by 
means of a variable resistanoo any desired temperature up to 80° could be 
obtained, constant to 0° 5 One slit of the spectrophotometer was illuminated 
directly, the other by reflection from a right-angled prism, and this was 
effected by two Auer burners ied from the same gas tap The readings gave 



Curve 6 —Isocyamne. 



Curve 7 —Pmaohrome, 
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the differences between the hot and cold solutions. From the known 
extinctions for the cold solution at 20°, the curves for the different 
temperatures were constructed (curves 6 and 7) 

It will be seen that there is a gradual transition from the spectrum of the 
pseudo-solution to that of the true solution as shown in alcohol (compare 
with curves 2 and 3). The change of temperature has precisely the same 
effect as the addition of an organic solvent miscible with water such as 
alcohol or acetone In the hot solutions very few grains were visible and 
electrolytes had no effect On cooling, the solutions returned to theur former 
colour and state The phenomena are similar to the behaviour of starch, 
which at or above the boiling point of water gives true crystalloid solutions of 
high molecular weight,* showing m the ultra-microscope only the diffuse 
beam due to “ amicrons,” or particles too small to be rendered viaibleuf 
On cooling, the starch solution becomes opalescent The behaviour is 
characteristic of reversible colloids forming at high temperatures unsaturated 
crystalloid solutions, at low ones very supersaturated and colloidal ones4 
Apparently the pinacyanols and probably other dyes belong to this class, 
i e., they spontaneously dissolve m water to a colloid solution, or reach a very 
fine state of division but one still remote from molecular dimensions It is 
possible that this change of aggregation may in part aocount for some of the 
interesting changes in the absorption-curves of other dye solutions with 
change of temperature noticed by Nichols $ 

Influence of Acid on Alkali. 

Miohaelis noticed that nile blue sulphate and alizann blue with soda lye 
give pseudo-solutions. A considerable number of dyes were found to change 
their degree of aggregation when acid or alkali was added, but there are of 
course in many cases chemical changes masking this The dyes were also 
examined for electric transport, and the results were in agreement with the 
previous datum of V Henri and A Mayer,|| that OH' and H' ions flock or 
dear positive or negative colloids respectively. 

lander and PictonV noticed that Congo red in alkaline solution Alters 
readily through a porous cell but was retained in neutral or acid solution 
tn the majority of cases there are undoubtedly chemical obangee, but these 
are accompanied or preceded by changes m the state of aggregation. 

* Of Lobry de Bruyn, ‘Bee Chun. Trsvvol 19, p. 968* 1900. 
t R. Zsigmondy, he at , p. 87. 

1 Ibid., p. 166 

g 1 Zeitschr. phys. Ghentvol 46, p. 8? l, 1900 
jj ‘C. R. Soc. BioL,' vol 66, p. 1671,1903. 
f 'Chem Soc Trans.,' 1698, p. 148. 
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Table IV. 


Dye 

Acid 

Alkali 

Transport, 

Finaohroipe 

Clean, finally decolo 

Turbid 

•fne colloid 


nee* 



Fwaoyanol * 

Ditto 

it 

+ive „ 

Iaooyaaiue 

Sky blue ex. 

Decolorise* [ 


4ive t# 

Turbid 

Clean 

-We „ 

DianU blue , 

II 

M 

-ne „ 

Congo blue 

Bordeaux B 

91 

„ turn* red 

—ive „ 

„ but deoolo 

n 

-ire fl 


nsed 



Benxopurpunn 

Dapheu blue 

Clean 

Clearer 

Turbid 

-ire „ 

4 We „ 


Influence of Concentration. 

With the partially resolvable dyes (v p 262), the more concentrated the 
solution the greater the number of granules, dilution favouring the process 
of disgregation and solution Optically it results that certain deviations of 
the absorption spectrum occur The absorption curves for Bordeaux B and 
oongo blue are given for different concentrations. 



-► tKW UNSTH 

Costs 8 —Bordeaux B. 


The absorption m concentrated solutions, especially in the red, is greater 
than if Beer's law held. 
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430 510 530 550 370 NO 610 630 690 

- "WAVE LENGTH INyUttr 


Curve 0 —Congo Blue 

The curves should coincide, if Beer’s law held 
From these and other measurements it is concluded.— 

(o) Completely optically resolvable dyes, i e, such as are in true solution, 
show the least change in the form of the ourves, the maxima are not 
displaced. If chemically stable, Beer's law is followed * 

(6) Dyes partially in colloid, partially in true solution or complete 
solution, show deyiatious, sometimes displacement of maxima, at very high 
concentrations. These results are m agreement with the observations of 
Kalandekf 

The State of Lyes %n Membranes, 

Since the absorption-spectrum shows itself to some extent as a criterion of 
the state of aggregation in liquid “ solutions," It is an obvious step to apply 
it to the investigation of the state of dyes in solid media In the course of 

* See paper m ‘Chew Soc. Trane.,' loo, mt, p M 
t ‘Phymk Zeiteohr 1908, May 
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the present investigation, the “colloidahty 11 of the dyes was tested by their 
dialysis through collodion sacs, prepared according to Malfitano** It is 
interesting to note that a definite osmotic pressure was obtained with certain 
colloid dyes, persistent aftei sufficient dialysis to have removed crystalloid 
impurities The dyes were* congo blue, aniline blue, primulme, all 
resolvable optically That such colloids can show a definite osmotic pressure 
has already been shown by Linder and Pioton, and by It S Lillie f Other 
colloid dyes were completely absorbed by the collodion, as pmacyanol And 
here the interesting fact was observed, that the dye, in pseudo-solution in 
water, gait the colour and absolution spectrum of the true solution in collodion* 
The following table gives a brief survey of some of the absorption results 
The degree of absorption is indicated thus + = strongly, m = moderately, 
—not absorbed In addition, the nature of the spectrum is noted,corresponding 
to pseudo- or true solution 


Table V \ 


Bye 

Collodion 

Viscose 

Gelatine 

Oaoutohouo 

Pinacynol 

+, bands as m 
alcohol 

+, bands as m 


m, spectrum as 

alcohol 


in water 

Pin&chrome 

Same as pmacyanol 



Congo blue 

+, band tti w 


+, band as in 

— 

alcohol 


water 


Bosamline 

+ 

+ 

+ 

+ 

Isooyatune (alkaline) 

+ , bands as in 

+ 

— 

m, unoertam 

alcohol 

+ , band as in 
water 

+, as m alcohol 

+ 

+ 


Crystal violet 

Sky blue ex 

+ 

+ 

— 


It is impossible to draw general conclusions as to the behaviour of 
membranes from these few experiments, a behaviour which appears to 
depend on a great variety of specific factors,§ but the important point is 
that in oertam oases the dye is truly dissolved 

This lends a certain amount of support to the view that in osmosis the 
membrane acts as a solvent for the permeating substance Returning to the 
absorption of dyes, colloid membranes themselves possess a charge,|| and 

♦'OR; vol* 130, p 1221, 1004 
t 4 Amer, Jouro. of Physiol,' vol 20, p 16*7,1007. 

X Collodion » nitro cellulose, viscose « xantho-cellulose, the caoutchouc was pure 
rubber from coagulated latex. 

§ Cf H Zangger , 4 Viertdejahr. Naturforach. Gee Zurich,' vol 51, p 432,1906 
JJ Cf. V Henn and A. Iooveeco, *C B. da la Soc. de Biol/ vol 51, p. 197,1906. 
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tha appears to be an important factor in absorption Collodion u negative 
to water, (ind this agrees with its strong absorption of positive colloids suoh 
as piuacysftnol, but it does not explain the solution thereof G el at i n e is 
•five or — ive according to the alkahnity or acidity of the solution in 
contact. I have tested the absorption of a large number of dyes in neutral 
solution with* a carefully dialysed gelatine, therefore as neutral as possible 
Here the colhudality of the dye appears to play a great rdk, , the more 
colloidal the less absorbed (see Table VI), but an absolute generalisation 
this is not 


Table VI 


\ 

Dyo 

OoUoudality by 
dialysis and 
ultra 

Absorption by 
gelatine 

Absorption by 
oaoutohouo 

Spectrum in 
water 

Naphthol green • 

Little or nil 

+ 

m 

Well defined 

Methylene blue 

II 


m 

Steep 

Indigo carmine ~ 

1) 

+ 

+ 

i* 

Ohrywmline 


+ 

m 

i» 

Crystal violet 

Blight 

+ 

+ 

•’ 

Bosaaihne 

» 

+ 

+ 

Sharp 

Janus ysllow JB 


+ 

m 

>i 

Ifooyamne 

Moderate 

m 

— 

M 

Cyanine 

M 

m 

— 

Diffused 

Bordeaux B 

il 

+ 


Ill defined 

Oterulem 

l» 

— 


i> 

Sky blue ex 

>» 

m 

— 

>i 

Congo orange 

M 

+ 

— 

>i 

Congo blue * 

Strongly 

+ 

— 

ii 

Kigrotine 

ii 

— 

— 

ii 

Wool blue CB 

V 

SUgbtly 

— 

_ H 

Pinaoyanol 

Pmaourome 

*1 

M 

_ 

m 

tn 

Flftttwb. 

II 

Bensopunmnn B 

Aniline blue 

W 

n 

« 

m 

- 

II 

II 


The Action of Dyes on each other's Absorption Spectrum. 

Colloid dyes of opposite sign may form so-called “complex colloids” 
stable m excess of one component* An interesting phenomenon was 


noticed with Baumwoll-gelb 8 
Solution 

Pinaoyanol in cold water 
„ hot water 
Baumwoll-gelb S 

Pmacyanol in excess of Baumwoll- 
gelb S 

* Cf. B. H Buxton and 0 Teague, 1 : 
t So* Curve 8. 


pinaoyanol— 

Absorption spectrum 

Band at 610 

Bands at 500 pp and 640 mm.f 
Absorption in blue, violet, and ultra¬ 
violet (max). 

Bands at 610 pp, 590—600 pp, and 
at 660 pp. 

>ii pbysik. Chem.,’ roL 50, p. 479, MOT. 
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Now we have found the bands at ca. 690 and 640 pti as characteristic of 
true solution, so that it appears, that just as in membranes, one component 
in so-called " oomplex-colloids ” may be partially in true solution in the 
other Spectrophotometrio examination of other complexes should yield 
valuable information as to the nature of this union 


Dyeing and the Nature of Solution 

The experiments detailed here seem to support the view that “ solution n 
is a continuous phenomenon, from mechanical suspension down to true 
solution (Linder and Picton, Zsigmondy, and others). The author is of the 
opinion that the process of dyeing in solid media is stnotly analogous to the 
“ solution ” of dyes in liquid solvents, in that all phases or grades may be 
found It seems permissible to parallel the solution states in liquid and 
Bolid media as follows — 


Liquid 101011011*. 
Suspensions 

Colloid solutions 

Reversible hydrosols 


Solid solution* 
Adhesion 

Adsorption 

Colloid complexes 


fDyestuffs 
Eg Glycogen 

(.Soluble starch 
Crystalloid solutions 


(Dyeing.) 


Solid solutions 


proper (including iso- 


morphous mixtures and alloys). 


In solutions of dyes, either in liquid or solid media, all grades may coexist, 
the conditions for forwarding or diminishing the degree of solution may be 
grouped as follows — 

Toward true solution De-tolutlon 

Diminishing particles Inc re as in g partioles 

Dilution Concentration. 

Admixture of other solvent Electrolytes. 

Aoid or alkali. Alkali or acid 

Rise of temperature Lowering of temperature 

These conclusions an not novel,* but it seems worth while to point out 
that oonoomitant with "solution,” in this sense, the absorption spectrum 

* In particular, <$ R, Zsigmondy, *Zur Erkc nntn . u a d. KoUmda’ (Fischer, Jena), and 
C. Dreaptr, 4 The Chemistry and Physics of Dyeing,' 1906. 
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tends to change from broad and ill-defined bands (cf Licht-blau, p 261) 
to sharp ones, whilst in certain cases a quite new spectrum is formed. (I 
hope to point out elsewhere the resemblance between the absorption spectra 
of colloid dyes uud those of colloid metals, Buch as gold ) At the same tune 
it appears probable that there is a progressively increasing combination 
between the “ solute ” and the solvent 

Summary 

(a) In the aqueous solutions of certain dye-stuffs—isocyanines, pina- 
cyanols, cyanine—the dye is present partially or wholly in colloid solution, 
and the absorption spectrum is quite different from that of the true solution 
The influence of various agencies, as heat, acid and alkali, electrolytes on the 
absorption was examined quantitatively 

(b) In other dye solutions, the change from true solution to the colloid 
state is accompanied by broadening and diffusion of the absorption curve, 
consequent on the increase w number and size of the colloid particles. 
Deviations from Beer’s law result 

(c) The state of dyes m solid media is comparable with that in liquid, and 
the absorption spectrum is similarly affected The absorption of a number 
of dyes by membranes was studied 

(d) The solution of dyes appears to be a combined process of disaggre¬ 
gation of the solute, accompanied by a progressne combination with the 
solvent. If the same stage of solution is attained in different solvents, the 
absorption maxima are displaced according to Kundt’s law 

This investigation was carried out in the spring and summer of 1908 in 
the laboratory of Physiological Chemistry of the Sorbonne, Pans, the 
author desires to express his great thanks for the hospitality and facilities 
afforded him: in particular to the director, Prof. Dastre, and to M. Viotor 
Henri for his continuous advice and interest 
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“ Dynamtc ” Osmotic Pressures 
By the Earl oj Berkeley, F RS, and E G «T Hartley, B A (Oxon) 

(Received March 31,—Read Apnl 32, 1909 ) 

1 The following paper is a preliminary account of what is apparently 
a new method of measuring osmotic pressures The account is published 
now because during the course of the experiments we have unfortunately 
damaged the only two good semi-perraeable membranes that we possess, and 
it will be some months before the damage can be repaired 

2 A word of explanation as to the use of “ dynamic ” to distinguish the 
osmotic phenomena we aro about to describe seems necessary. In all 
discussions of osmotic pressures (except those involving diffusion) the 
locution "osmotic pressure" connotes some form of equilibrium between 
a solution and its solvent, in the experiments about to be recorded we have 
measured the rate at which the solvent flows into the solution, and the 
essence of the observations lies in the fact that there should be no approach 
to equilibrium Thus the osmotic pressure here involved is substantially 
that assumed to act in Nerast’s theory of diffusion 

3 The experiments described below will be seen to prove that the rate of 
flow is proportional to, and may be used to measure, the equilibrium osmotic 
pressures, at all events in dilute solutions Moreover, the rate at which 
water passes through a semi-permeable membrane under a given hydrostatio 
pressure will be shown to be the same as the rate at which it would pass 
that membrane, when entering a dilute solution whose osmotic pressure has 
the same numerical value as the hydrostatic pressure formerly used Thus 
m these experiments the osmotic pressures are directly correlated with 
hydrostatio pressure 

4. Briefly, the method is as follows A porcelain tube, carrying a copper 
ferrocyamde membrane on the outside, is set up in the osmotic pressure 
apparatus,* with water on both sides of the membrane The interior of the 
tube is in communication with a graduated oapillary, while the outside water 
can be subjected to pressure, the first part of the experiment consists 
in notmg the rate at which known hydrostatic pressures force water through 
the membrane In the second part of the experiment the tube, with 
its capillary attached, is surrounded with the solution whose “ dynamic 
osmotic pressure ” is required, and a measurement is made of the initial rate 
at which the water is sucked through the membrane into the solution 
* See ‘Phil Trail*,' Series A, voL 206 p 488. 
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5 It is of the utmost importance that the initial rates be measured; for 
very early in the research it was found that the rate at which the water is 
sucked into a solution vanes enormously with the time the tube remains in 
that solution, in some cases the velocity of the water is reduced to less than 
half the initial rate, and in all cases the rates slow down to a minimum, as 
found by Vegard * the minimum depending on the previous history of the 
tube A great many experiments were made to elucidate the cause of this 
phenomenon, but they will not be detailed here as they do not seem to bear 
immediately on the main object of the research. 

6 The Experiments —The first method tned was devised so as to find 
whether the rates of passage of the water into various strengths of cane-sugar 
solutions was proportional to the osmotic pressure A tube was set up in 
the osmotic pressure apparatus exactly as for a determination of the 
equilibrium osmotic pressure,! when equilibrium had been established 
between the water in the tube and the solution outside (by means of the 
mechanical pressure put upon the solution), the pressure was suddenly and 
completely released and the initial rate at which the water flowed into the 
solution was noted The following are examples of the observations The 
first column gives the concentration of the solutions in grammes per litre, 
and the Becond and third columns give the observed rates, in millimetres, of 
the capillary per second^ for the two tubes N and X The last column gives 
the known osmotic pressures.— 


Concentration 

TubeN 

TubeX 

Equilibrium 
osmotic pressure 

gramme*. 

mm /wo 

mm /wo 

atmo* 

760 

0 600 

Not determined 

184 


0 S66 

0 860 

101 

640 

0 276 

0 275 

67 

420 

0 186 

0 190 

44 

300 

0 126 

0 124 

27 


It will be seen that there is good concordance between the rates for the 
two tubes, but they are not proportional to the osmotic pressures 

7. Thinking that thiB want of proportionality was due to the solution not 
bring stirred, the experiments were repeated in the following manner*— 
Tube X, fitted with ring stirrers which could be moved up and down, was fixed 
in a vertical position, and the various solutions were brought up from under¬ 
neath to submerge the membrane. The observed rates were practically the 

* 1 Proc. Gamb. Phil Soc.,' vol 15 , Part I, p. 17 t Zoo ca, 
t One mm of the capillary has a capacity of 0*0011 cc. 





1909.] “ Dynamic" Osmotic Pressures. 279 


8ame as in the previous case. It was noticed, however, that an increased 
speed of movement of the ring stirrers seemed to influence the rate slightly, 
so a more efficient stirring arrangement was devised 

8 In the new apparatus the tube is fixed vertically between two horizontal 
brass plates by means of dermatme rings and screw couplings, m such a 
manner that the area of exposed membrane is the same as in the osmotic 
pressure apparatus proper Three four-bladed brass paddles are placed 
symmetrically round the tube with their axes vertaoal, and the edges of the 
blades, which are also vertical, pass within 1 mm of the membrane when the 
paddles are rotated The edges of the blades extend along the whole length of 
the membrane In the experiments, the number of revolutions of the paddles 
was between six and three per second, and it was now found that the difference 
between practically no stirring and these rapid speeds was, in the cose of the 
strongest solution, about 10 per cent in the water rate 

9 Before giving the results of the experiments with the new apparatus, 
we will record the measurements of the flow of water through the membrane 
under different hydrostatic pressures These were obtained with tube X m 
the osmotio pressure apparatus, using a Schaeffer and Budenberg standard 
dead weight pressure gauge to give the pressures In the table, the fint 
column gives the pressure on the water, and the corresponding rate of flow 
M noted in the second column 


Pressure 

Bate 

Batio of rate#. 

Batio of piWMtues 

ntmofl 

30 41 

mm /mo 

O 1075 

1 

1 

40 82 

O 2208 

2 05 

2 

61 24 

0 3240 

3 01 

8 

81 Q( 

0 4808 

4 00 

4 

102*06 

0 5810 

4*05 

6 

122 47 

0 6878 

5*68 

6 


The average rate per atmosphere pressure is 0*00528 mm per second. It 
is evident from these figures that the rates may be taken as proportional to 
the pressure, a conclusion which has some interest of its own; but we will 
reserve the discussion of this for another opportunity, when a more detailed 
account of the whole work can be given. 

10. On setting up tube X in the new stirring apparatus and proceeding 
in the manner already outlined, we obtained the results tabulated below. 
The first column gives the concentration (grammes per litre), the second the 
observed rate, the third gives this rate divided by 0*00528 (the average rate 
per atmosphere hydrostatic pressure found m the last experiment) The 
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numbers w this*column are taken as the “ dynamic ” osmotic pressures of the 
solutions. The fourth column gives the equilibrium pressures for the 
solutions—determined experimentally* for the stronger solutions, and 
calculated from Boyle’s Law for those that are weaker 


TubcX 


Concentration 

Bates 

Rates/O *00628 
— dynamic 
osmotic pre««ure 

Equilibrium 
oumottc pres* ure 

maiDUfl 

ram /sec 

afcmos 

fitmoi 

750 

... 

108 2 

184 7 

660 

^■TCTKii 

89 6 

100*8 

640 


69 7 

67 6 

800 

0 184 

26*4 

26 8 

90 2 

0*0841 

6 46 

6 86 

46 

0*0166 

2 94 

2 07 


It will be seen that the agreement between the last two columns is very 
good for the lower numbers, but that the huger values diverge considerably. 
We are not ready as yet to offer a satisfactory explanation of this discrepancy 
11 A similar set of experiments waB made with tube N, but unfortunately 
the membrane was damaged before the rate of flow under hydrostatic 
pressure could be determined. The results are tabulated as m the last table. 


TuboN 


Concentration. 

Baku. 

Bates/0 00628 
* dynamic 
osmotic pressure 

Equilibrium 
osmotic pressure 

grammes 

750 

mm /ho 

0 562 

atm os 

104 6 

atmos 

184*7 

668 6 

0 824 

61 8 

71 8 

800 

0 1272 

24 2 

26*8 

160 8 

0*0652 

10*6 

11 *8 

98 76 


6 23 

6 18 

46 

0 01587 

2*91 

2*97 

20 

0*006080 

1 27 

1 82 

10 

0-008448 

0*66 

0*66 

2*02 

0-000747 

0 141 | 

0 184 


and we have felt justified in dividing the observed water rates by the same 
faotor as in the case of tube X, because the two tubes have behaved 
throughout all our researches u an exactly similar manner,t and, moreover, 
* Loo, mt 

t This is apparent m the table in paragraph (6). 
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a measurement of the hydrostatic pressure rate, when the tube waa known to 
be slightly damaged, gave a value of 000540 nun/see per atmosphere 
pressure, a value which is not greatly different from that used in the table. 

Here, again, the agreement between the last two columns is good for the 
lower values, and attention may be drawn to the fact that the rates for the 
two tubes are very similar 

12 All the experiments here recorded were earned out at 0° O, or as near 
as possible to that temperature, but it may be mentioned that some somewhat 
imperfect experiments show that the temperature coefficient is quite large— 
in fact, a difference of 1° (near 0° C ) may cause a difference in the rates of 
10 per oent. 

13 There are two further points that seem worth mentioning One is that 
we have reason for believing that fairly accurate experiments can be made 
on more dilute solutions than 202 grammes per litre This may be of 
importance as giving an easier way of measuring very small osmotic 
pressures than that employed in the direct equilibrium method 

The other point is that the determination of the rate of flow under a hydro¬ 
static pressure is a more delicate test of the semi-permeability of the 
membrane than is the actual measurement of the amount of sugar which 
comes through during a direct equilibrium pressure experiment.* 

14. In conclusion, it may be emphasised that these preliminary results 
show that osmotic phenomena can be measured kinetically (we do not mean 
that the kinetic theory of osmotics is thereby inferred), and that the results 
are, for dilute solutions, the same as when measured statically. The method 
puts directly in evidence the dnving forces or partial pressures which have to 
be considered m the dynamical theory of diffusion of solutions 

* Cf loo ext, Appendix A 
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§ 1 Introduction and Summary 

The theoretical investigation of the total resistance to the forward motion 
of a ship is usually simplihed by regarding it as the sum of certain 
independent terms su'ch as the frictional, wave-making, and eddy-making 
resistances The experimental study of fnotional resistance to a 
formula of the type 

R. = /SV“, (1) 

where S is the wetted surface, V the speed,/ a frictional coefficient, and m 
an index whose value is about 183 

After deduotvng from the total resistance the frictional part cab»u lnt e d from 
a suitable formula of this kind, the remainder is called the residuary 
ance Of this the wave-making resistance is the most important part, the 
present paper is limited to the study of wave-making resistance, and chiefly 
its variation with the speed of the ship. The hydrodynamioal theory as it 
stands at present may be stated briefly 

Simplify the problem first by having no diverging waves, that is, suppose 
the motion to be " in two dimensions m space,” the crests and troughs M ng 
in infinite parallel lines at right angles to the direction of motion. Further, 
suppose that the motion was started at some remote period sad has bee n 
maintained uniform. We know that, except very near to the travelling 
disturbance, the surface motion in the rear consists practically of 
periodic waves of length suitable to the velocity v of the 
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a be the amplitude of the waves, and w the weight of unit volume of water; 
then the mean energy of the wave motion per unit area of the water surface 
is Jwa® Imagine a fixed vertical plane in the rear of the disturbance, the 
space in front of this plane is gaining energy at the rate per unit time 
But on account of the fluid motion, energy is supplied through the imaginary 
fixed plane to the space in front, and it can be shown that the rate of supply 
is \vm*u, where u is the group-velocity corresponding to the wave-velocity « 
The nett rate of gain of energy is ^nxt 2 (v—u), and this represents the part of 
the power of the ship which is needed, at uniform velocity, to feed the 
procession of regular waves in its rear. An equivalent method of stating 
this argument is to regard the whole procession of regular waves from the 
beginning of the motion as a simple group, then the rear moves forward 
with velocity u while the head advances with velocity o, and the whole 
procession lengthens at the rate v—u If wo write R® for the rate at which 
energy must he supplied by the ship, we call R the wave-making resistance, 
and we have 

R = $wa 3 (v—u)/v (2) 

We notice that R is the wave-making resistance in uniform, motion; it is 
only different from zero because u differs from v, that is, because the velocity 
of propagation depends upon the wave-length. 

In deep water, u is Jv, so that R is \ioa % In the application of this to 
a ship at sea, it is assumed that the transverse waves have a certain average 
uniform breadth and height, and, further, that the diverging waves may be 
considered separately and as having crests of uniform height inclined at 
a oertam angle to the line of motion, if the amplitude is taken to vary as 
the square of the velocity, it follows that R vanes as v* Several formula 
of the type R = A® 1 , or R * A® 4 -!-!!®®, have been proposed, although these 
may be of use practically by embodying the results of sets of experiments, 
they are not successful from a theoretical point of view. Recently many 
such oases have been analysed graphically by Prof. Hovgaard ;* the general 
result is that a fair agreement may be made for lower velocities with an 
average experimental curve neglecting the humps and hollows due to the 
interference of bow and stern wave systems, but at higher velocities the 
experimental curve falls away very considerably from the empirical curve 

The method used here consists m considering the ship, in regard to its 
wave-making properties, as equivalent to a transverse linear pressure 
distribution travelling uniformly over the surface of the water Taking 
a simple form of diffused pressure system and making some necessary 

* W Hovgaard, * Inst. Nsv Arch. Thun.,’ vol SO, p SOS, 1806. 

V 2 
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assumptions, we obtain an expression for the amplitude of the transverse 
waves thus originated, and for the resistance R, in which the velocity enters 
in the form e" a/c *, this function is seen to have the general character of the 
experimental curves. Adding on a similar term for the waves diverging 
from bow and stern, and, finally, in the manner of W Fronde, an oaoillating 
factor for the interference of these bow and stem waves, we find a formula 
for the wave-making resistance of the type 

R = {1 —y cos (m/t>*)} e~*P 

In this expression there are six adjustable constants, we proceed to reduce 
the number of these after transforming into units which utilise Fronde’s law 
of comparison We use the quantity e, defined as 

(speed m knots)/^/(length of ship m feet), 

and we express the resistance in lbs per ton displacement of the ship. An 
inspection of experimental curves, and other considerations suggest that the 
quantities l, m, n may be treated as universal constants, with this assumption, 
a three-constant formula is obtained, viz, 

R« cce-iW^+0 {l-veoB(102/e»)} (3) 

where the constants «, /9, y depend upon the form of the ship 
We then treat (3) as a semi-empirical formula of which the form has been 
suggested by the preceding theoretical considerations, several experimental 
model curves are examined, and numenoal calculations are given which show 
that these can be expressed very well by a formula of the above type 
Since the constant » is found to be small compared with fi, it is not 
allowable to press too closely the theoretical interpretation of the first term, 
especially as the experimental curves include certain small in 

addition to wave-making resistance. If we limit the comparison to values 
of e from about 09 npwards, it is possible to fit the curves with an 
alternative formula of the type 

R m 0 {1-y cos (10 2/c*)} e-*r* 
and some examples of this are given. 

The effeot of finite depth of water u considered, and a modification of foe 
formula is obtained to express this effeot ae far as possible. Starting from 
an experimental ourve for deep water, curves are drawn, from the formula, 
for the transverse wave resistance of the same model with different depths; 
although certain simplifications have to be made, the curves show the 
character of the effeot, and allow an estimate of the stage at which it becomes 
appreciable 

In the last section the question of other types of pressure distribution it 
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discussed, and one is given in illustration of the wave-making resistance ot 
an entirely submerged vessel 


§2 Pressure System travelling over Deep Water. 

It is known that a line pressure-disturbance travelling over the surface 
of water with uniform velocity v at right angles to its length gives rise to a 
regular wave-train in its rear of equal wave-velocity * Take the axis of x 
in the direction of motion and let the pressure system be symmetrical with 
respect to the origin and given by p =/(*); suppose that f(x) vanishes 
for all but small values of x, for whieh it becomes infinite so that 

j* f(x) dx — V The regular part of the surface depression p due to this 

integral pressure P practically concentrated on a line is given by 


V = 


wr tr 


w 


The part of the surface effect whioh is neglected in this expression consists 
of a local disturbance symmetrical with respect to the origin and practically 
oonfined to its neighbourhood. 

If we suppose P constant, the amplitude m the regular wave-tram and 
the consequent dram of energy due to its maintenance dimmish with the 
velocity. 

To obtain results m any way comparable with practical conditions it is 
neoessary to suppose the pressure system diffused over a strip which is not 
infinitely narrow 

An illustration is afforded by taking 

<•> 

where a is small compared with the distances at which the regular surface 
effects are estimated This type of pressure distribution is shown in fig 1. 



* For a disouasioB of tho wave patters, aee Lamb, ' Hydrodynamic*,’ § Ml et —g. ; or 
Havelock,' Boy. Boo. FroeV A, voL Si, p. 899,1909. 
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The effect of thus diffusing the pressure system is expressed by the 
introduction of a factor (#) into the amplitude of the regular wares, where 
2v/k is the wave-length and 

(ft (#) ss | /(to) cos Kto dm. (6) 

Using (5) in (b), we find 

<f> (k) = P= Re~ a *l* 


Hence the amplitude of the waves is given by 


a 



(7) 


Further, since * = v 3 /#, the group velocity u = d (kv)/(Ik = 
the wave-making resistance E is given by 

E = 

UKT 


Hence 


( 8 ) 


We liave to examine the variation of these quantities with the velocity v 
under the supposition that the pressure system is due to the motion of a 
body either floating on the surface or wholly immersed m the water The 
pressures concerned being the vertical components of the excess or defect 
due to the motion, it seems possible to assume as a first approximation that 
P vanes as v *; this is the case in the ordinary hydrodynamical theory of 
a solid in an infinite perfect fluid, and a similar assumption is also made 
in the theory of Froude’s law of companson. This being assumed, we find 

a = A e~*i+ E = Be-W. (9) 

We see that both the amplitude and the resistance increase steadily from 
zero up to limiting values 

If we draw the curve representing this relation between B and v, there is 
a point of inflection when 

gj=0, or * = (10) 

Wntug v' for this velocity, we see that dR/dv increases as the velocity 
rises to v’ and then falls off in value as the velocity is further increased. 

We can wnte the relation now in the form 

E = Be-K«W (11) 

The character of this relation » shown by the curve in fig 2, which 
represents the case 

B as 315«-»<*m\ 

B being in tons, sad T m knots. 


( 12 ) 
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The values of the constants in (12) have been chosen for comparison with 
an experimental curve of residuary resistance given by R E. Pronde j* it 
was obtained from model experiments and by means of the law of 



corresponding speeds and dimensions the results were given for a ship 
(model A) of 4090 tons displacement and 400 feet length The actual curve 
is given in Jig 4 and is discussed more fully later, we neglect for the 
present the undulations which are known to be due to the interference of 
the bow and stem wave systems, and we consider a fairly drawn mean 
experimental curve denoted by R' Table I shows a comparison of the 
values of R' with those of R calculated from the formula (12) 


Table I 


V, 

B 

B' 

10 

0 02 

1 8 

14 

2 

4 

18 

14 

16 

22 

38 

39 6 

28 

70 

70 

30 

108 

107 

* $4 

182 

180 

38 

187 

186 

42 

176 

178 

46 

198 

192 


Prom this comparison we see that the point of inflection given by V' 
owespoads to the point at which the slope of the mean experimental curve 
* R. X. frauds, 'lust. Nsv. Arab Trans.,’ vol M, p. 380,1881. 
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begins to fall off. This effect is general in residuary resistance corvee; ere 
see that it is really an interference effect, the character of the curve being 
doe to the mutual interference of the wave-making elements of the pressure 
system Superposed on the mean curve we have a further interference effect 
due to the combination of two systems, the bow and stem systems. 

From Table I we infer that the mean curve agrees well with the calculated 
values E from about 18 knots upwards, but at the lower speeds the values of 
B are much too small, this suggests the addition of a term to represent the 
effeot of the diverging waves. 

§ 3 Diverging Wave System. 

In the example considered above, the calculated values of B are much too 
small at the lower velocities. This might have been expected, for we 
obtained (12) by the consideration of line-waves on the surface, that is waves 
with crests of uniform height along parallel infinite lines. But the model 
experiments correspond more to a point disturbance travelling over the 
surface, with the formation of diverging waves as well as transverse waves. 
In fact, W Froude* infers from his experimental curves that the residuary 
resistance at the lower velocities is chiefly due to the diverging wave system, 
on account of the absence of undulations, for the latter signify interference 
of the transverse systems initiated by the bow and stem, and these become 
very important at the higher velocities 
We have to add to (12) a term representing the diverging waves, the 
comparison in Table I suggests for this a term of the same type, 
with V" muoh smaller than the corresponding velocity V' for the transverse 
waves. With the data at our disposal we might then determine the various 
constants so as to obtain the closest fit possible, however, we can make the 
process appear less artificial by the following considerations. We know th frt - 
the wave pattern produced by a travelling point source consists of a sy st e m 
of transverse waves and a system of diverging waves, the whole pa t t ern 
being contained with two radial lines making angles of about 19° 28' with 
the direction of motion; a fuller investigation of the effeets produced by 
a diffused source must be left over at present. In applying energy con¬ 
siderations as in the previous sections, the usual method is to suppose that 
the transverse waves form on the average a regular wave-train of uniform 
amplitude and uniform breadth; using the same approximation for the 
diverging waves we suppose that these form on the average a regular wave- 
train on each ride, with the crests inclined at some angle $ to the direction 

V W. Froodt, ‘Inst Nav. Arch Tran*,, 1 voL 16, p. 66, 1897. 
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of motion of the disturbance Then the velocity of the diverging wave- 
trams normally to their crests is V sm 8 Now the same features of the 
ship are responsible for the character of both transverse and diverging 
waves; then if V' is the velocity at which there is a point of inflection in 
the reaisbanoe curve for the transverse waves, the suggestion is that V' sm 0 
is tiie corresponding velocity for the diverging waves Taking as a first 
approximation the angle given above, viz, 19° 28' or ain -1 £, we test now 
a formula of the type 

E B A<H< V ''W+(13) 

For the particular example already used (Froude, Ship A) we take V' 
equal to 26 knots, and determine A, B from two values of V. We obtain 
thus 

E = 4 5e-l(»j« v ) , + 297«-I<“/ v >* (14) 

With this formula we find as good an agreement as before at the higher 
velocities, and we have now at lower velocities the comparison m Table II — 


Table II 


V 

R 

R' 



1 8 



4 


16 *6 

16 

IEII 

40 

89 S 


In calculating from (14) we find that the two terms both increase 
continually, at low velocities the second term is practically negligible, then 
at about 15 knots the two terms are of equal value, and after that the 
transverse wave term becomes all important. 

It must be remembered that the experimental curve was obtained from 
tank experiments, and it is possible that the width of the tank may have an 
effect on the relative values of the transverse and diverging waves. It 
would be of interest it experiments were possible with the same model 
in tanks of different widths, if the methods used in obtaining (14) form 
a legitimate approximation, the effect might be shown in the relative 
proportions of the two terms—provided always that ohe can make a suitable 
deduction first for the frictional resistance, and can then separate out the 
relatively small effects of the diverging waves, the eddy-making and other 
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§ 4. Interference of Bow and Stem Wave-trmns. 

The cause of the undulations in the resistance curves was shown by 
W. Froude to be interference of the wave system produced by the bow (or 
entrance) with that arising at the stern (or run). His experiments on the 
effect of introducing a parallel middle body between entrance and ran 
confirmed his theory, which may be stated briefly. Let the wave-making 
features of the bow produce transverse waves which would have at 
a breadth b an amplitude a, owing to the spreading out of the transverse 
waves they will be equivalent to simple waves at the stern of smaller 
amplitude Tea, at the same breadth b Let a' be the amplitude there of the 
waves produced by the stern Then m the reai of the ship we suppose there 
are simple waves of amplitude ha superposed upon others of equal wave¬ 
length of amplitude a ' At certain velocities the orests of the two systems 
coincide in position, giving rise to a hump on the resistance curve, and at 
intermediate velocities there are hollows on the curve owing to the crests of 
one system coinciding with the troughs of the other 

In developing a form for the resistance, subsequent writers have generally 
taken It proportional to an expression of the form a*+a' a +2kaa' cos(m$rL/v*), 
where L is the length of the ship This means that the bow is supposed to 
initiate a system of waves with a first crest at a short distance behind the 
bow, and that similarly the stern waves have their first meat shortly after 
the stern, the length mL is the distance between these two crests, and is 
oalled the wave-making length of the ship. The determination of a value 
for m appears to be doubtful, but from interference effects it is said to vary 
for different ships between the values 1 and 12. 

It has seemed desirable bere to follow more closely the point of view m 
W. Froude’s original paper already quoted * We regard the entrance of the 
ship as forming transverse waves with their first crest shortly aft of the bow, 
and the run of the ship as forming waves with their first trough m the 
vicinity of the middle of the run. It is suggested that this distance between 
first crest and first trough, in practioe found to be about 09L, should be 
taken as the "wave-making distance", the cosine term m the formula 
is then prefixed by a minus sign instead of a positive sign. We return to 
this point later, we first work out a definite simple illustration in H two- 
dimensional waves," and then build up a more complete formula for 
comparison with experiment. With the same notation as in § 1, let the 
pressure system be given by 

p «/(*) * l * (15> 

* W. Frond*, he, ett ante, p. 83. 
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This indicates two pressure systems, one of exoess and the other of defect 
of pressure, each distribution is of the type already used, and their centres 
are separated by a distance 7. Fig 3 shows the character of the disturbance 



In the rear of the whole disturbance there is interference between the 
regular wave-trains due to the two parts. With the same methods as before 
we find that the resulting waves are given by 

wxr v* ivir ir 

Hence the average energy per unit area is proportional to 
v -4 e -S«0/«» {+ iy — 2PlPj cos (j)l /IJ 2 )} 

Now, assuming as before that Pi and P s vary as v 3 , we find that as regards 
vanation with the velocity the effective resistance B, which is the expression 
of the energy required to feed the wave-trains, is given in the form 

E * {A , +B s —2AB cos (ffl/v*)} e'*** (17) 

A more general expression might have been obtained by taking two 
quantities «> and as in (15), corresponding to some difference in wave-making 
properties of entrance and run, this would have led to different exponential 
factors being attached to the bow and stern waves. However, we find (17), 
with a common exponential faotor, sufficiently adjustable for present 
purposes. 

In Fronde’s experiments in 1877 the effect of inserting different lengths 
of parallel middle body between the same entrance and run was examined, 
it was found that a hump m the residuary resistance curve correeponded to 
a trough of the bow waves being m the vicinity of the middle of the run, 
«ttd a hollow to a arest being m that position. 
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For the model, Ship A, we have: Length »La 400 feet, entrance 
run ss 80 feet. 

Henoe, m this oase we may take, in formula (17), l as approximately 
360 feet. We notice that this gives l = 0 9L, and in subsequent com¬ 
parisons, instead of leaving / to be adjusted to fit the experimental carve, 
we find there is sufficient agreement if we fix it beforehand as 0 9 of the 
length of the ship on the water-line 

Compare, now, the length l with the ordinary “ wave-making length " oi 
the ship, the latter is written as mL and is defined as the distance between 
the first regular bow crest and the first regular stern crest From the present 
point of view (17) gives 

mL b 1+Jx or bi b 09+JX/L, (18) 

where \ is the wave-length in feet of deep-sea waves of velocity v ft /sec. 

Calculating from this formula for Ship A, and writing V for velocity in knots 
(6080 feet per hour), we obtain Table III 

We see that the statement that m lies between 1 and about 12 would 
hold for this ship if it were measured for ordinary speeds between about 
14 and 22 knots. 


Table III 


V 

X. 

m 

10 

66 6 

0 07 

14 

110 

1*08 

18 

160 

1 12 

28 

270 

1 24 

26 

862 

1 86 

80 

600 

1 6 


We prooeed now to modify (14) by introducing into the seoond term a 
factor 1 — 7 cos (gl/v‘) With l as 360, we find gift? is approximately 
4080/V s , with V in knots; further, from one value from the experimental 
ourve we obtain y ■* 012 Thus for Ship A we have R in tons given by 

R = 4 - 5 c -|(«/*v )- + 297 (1-012 cos (4080/7*)} *-»«*>•. (19) 

Table IV shows some calculated values for R, and these are represented in 
fig. 4 by dots, the continuous carve is the experimental residuary redstmey 
carve given by Froude, that is, the total resistance less the calculated 
frictional part 

It is the custom to give the resalts of model experiments in the form 
of a fair ourve, so that the positions of actual readings and the possible 
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error are not known. The interrupted curve is a curve R m AV 4 sketched in 
for comparison 

Table TV 


V 

B 

V 

B 

10 

1 6 

SO 

102 

14 

4*2 

84 

142 

18 

15 

88 

171 

28 

44 

42 

185 

26 

62 

46 

105 


$ 5 Comparison with Experimental Results 

Before examining further model curves we must express the previous 
formula m a form more suitable for calculation, we use the system of units 
in which model results are now generally expressed. R is given in lbs 
per ton displacement of the ship, while instead of the speed V we use the 
ratio V/vT. V being in knots and L m feet; this is oalled the speed-length 
ratio, and we shall denote it by c. The advantage of these units is that they 
tirilko Fronde's law of comparison, from the experimental curve between 
R and a we oan write down at once the resi d uary resistance for a ship of any 
length and displacement at the corresponding velocity, provided the ship has 
the lines and form as the model Thus the constants which ate left in 
the relation between R and e depend only upon the lines of the model not 
upon its absolute aise. At present we make no attempt to connect these 
with the form of the model, as expressed by the usual coefficients 
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of fineness or the purve of sectional areas, or in other ways, we are conoemed 
with the form of E as a function of c, and the constants are chosen in each 
case to make the best fit possible 

First, as regards the exponential factor, we had with V' giving 

a point of inflection on the resistance curve, m the case of Ship A we had 
V' as 26, L as 400, so that e f m 13 Now, it ib just about this value of e 
that there is a falling off in most experimental curves, so that we try first 
c' ss 13 for the point of inflection on the E, c curve Then the exponential 
factor becomes r* c ' /c)# , or 

Secondly, as regards the cosine term which gives the undulations, we had 
cos ( gl/c *), we have decided to put l = 0 9L, so that we have 

$=°-W(S v )’ ” ^ 

Hence the previous relation for R reduces to the following general form: 

R a ae -» ra ^+ ) S(l-7Cosl0 2(20) 
where R is in lbs per ton displacement, and «, 0 ,7 depend upon the form of 
the model 

There are humps on the curve when 10 2c~ a is an odd multiple of v, 
hollows when it is an even multiple, and mean values when it ie an odd 
multiple of £ir For facilitating calculation, some of these positions are given 
m Table V, and, for the same reason, values of the exponentials and the 
cosine factor are given m Table VI 


Table V 


Hump* 

Meami 

— 

2 54 

1 8 

1 *47 


1 18 

1*04 

“ 

0 *96 


— 1 0 8 

O 86 ! — 

0 76 


Hollows 

00 

— 

— 

— 

1 a? 

— 

— 

— 

0 9 

— | _ 

— 

0-78 


Values of e 


Table VI 


c 

#-2 53/Be* 

0-3 58/e* 

cos (10 2/e 9 ), 

0 6 

0*460 

0-0009 

4-0 76 

0 S 

0*644 

0*019 

-0-97 

1*0 

0*756 

0*080 

-0 71 

1 2 

0 831 

0 173 

+0 70 

1 4 

0 866 

0 376 

+0 47 

1*6 

0 806 

0 873 

-0*65 

1 8 

0 916 

0 468 

-1*0 

2 0 

0 932 

0 883 

-0*88 

% 2 

0 948 

0 693 

-0*51 

2 4 

0*951 

0-644 

-0 20 

8 

0 970 

0 766 

40 48 
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We examine, now, some examples of experimental curves, comparing them 
with the formula (20), several of the curves and other data, in particular 
for II, III, and V, have been taken from the collection in Prof Hovgaard's 
paper already referred to, in which he essays to fit formulse involving V 4 or 
V fl with the experimental curves. 

I BE Frovde f 1881, Ship A 

Displacement = 4090 tons, length = 400 feet, cylindrical 
coefficient = 0 694 

This is the case we have examined in the previous sections, so that we 
have only to change the numerical factors in (19) to cause R to be given m 
lbs. per ton displacement We find the result is formula (20) with 

« = 2 46, /9 = 162 6, y = 0 12 
II W. Frovdc, 1877 

Displacement = 3804 tons, length = 340 feet, cylindrical 
coefficient = 0 787 

The lost two data include the cylindrical middle body The curve is 
given in fig 5, it was constructed by Hovgaard from the data of Froude’s 



4 ,5 r 4 7 .0 
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experiments, and these were such that it was possible to make a mean 
residuary resistance curve, the efibots of bow and stem interference being 
eliminated. The curve is given as total residuary resistance in tons on a 
base of V in knots If we work m lbs. per ton, we find there is a very fair 
agreement with formula ( 20 ) if we take 

<* = 2 24, £ = 279 7; 7 = 0 

Probably a closer agreement could be obtained by further slight adjustment 
of a and £ Pig 5 shows a comparison of values of the total residuary 
resistance for the ship (m tons), the calculated values are indicated by small 
oircles 

III D W Taylor, 1000 lbs Model 
Length on water line = 20 51 feet, oyl. coeff = 0 680 

The experimental curve in this case is given as residuary resistance for 
the model in lbs on a base of V in knots With the same notation as before 
we find 

«= 2, £= 1366, 7 = 0-14. 

Putting these values in (20), we can calculate R in lbs per ton, and hence 
Ri in lbs. for the model, fig 6 shows the comparison between Ri and the 
corresponding values on the curve, the calculated values Ri are indicated by 
dots 
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IV 2 W Taylor, Model No 892 * 

Displacement = 500lbs., length on water line = 20'ol2 feet, longitndmal 
coeff. = 0 68, midship section coeff = 0 70. 

In this case the experimental curve is given as lbs. per ton displacement 
(R') on a base of speed-length ratio (c) In the same manner as before, fig 7 
shows the comparison with the formula (20) when we take 

* = 2, /} = 82 5 , 7 = 014 

Since the constant * is small computed with one is not able to lay 
much stress on the meaning of the first term For as the velocity functions 

so 


40 


30 


to 


10 


5 7 C 9 II 13 IS I? IS 

are of a suitable type, the constants possess oonsideinblo elasticity os regards 
fitting an expci imentfti curve For instance, if we omit values of e below 
about 0 9, it is possible to represent the previous curves fairly well by a 
formula 

R = $ {1 - 7 cos (10 2/e*)} flW 

In the previous examples we took the value 13 for c' In Case IV above 
we find now the values 

/3 = 87, 7 = 014, c' =13 

For a similar curve taken from the same paper, viz, Model No 891, dis¬ 
placement 1000 lbs, we find a good correspondence, except for slightly higher 
values near c = 11, with the values 

/3 = 174, 7 = 014, e'e 14 

* D W Taylor, Society of Naval Architects, New York, November 19,1908 
VOL. LXXXn.—A. X 
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V. 1.1. Yates, Destroyer Model C* * 

Displacement = 575 lbs , length as 20 feet; cyL coeff = 0*529. 

The experimental curve is given in lbs. for the model on a base of V in 
knots, and is a total resistance curve, that is, it includes the frictional 
resistance. The curve is reproduced in fig 8. 



This curve is not analysed here so as to compare the residuary resistance 
with the formula (20), but it is included in order to draw attention to certain 
possible complications It may be noticed that the curve is earned to a high 
value of the speed-length ratio e, and that it continues to nee more rapidly 
after about c = 2 3 than might be expected on the present theory Now in 
the first place it is possible that the frictional resistanoe may account partly 
for this rise The ordinary estimation of the frictional resistance assumes 
that, it can be calculated separately from some expression like/Sy 1- *, now 
the legitimacy of this is beyond doubt m all ordinary oases, but at high speeds 
it is possible that the form of the expression may change, or even that it 
may not be a fair simplification to divide the total resistance into simple 
additive components 

In the seoond place a more important consideration must be taken into 
and that is the depth of the tank. For the experiments now under 
* i i, Yates, Thesis, 1907, Mass. Inst. Tech U.8 A. See Horgaard, be.« t, ante 
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consideration the depth of water in the tank is not known. The deepest 
experimental tank appears to be the U S Government tank at Washington, 
which has a maximum depth of about 14 7 feet Now in that tank, with 
a 20 -foot model, there would be a “ critical ” oondition near the value 
c = 2 9 , before and up to that point the residuary resistance curve would 
rise sharply and abnormally. This effect is discussed more fully in the next 
section, and curves are given m fig, 11 , with which fig 8 may be compared 
It appears, then, as far as one is able to judge, that it is possible the 
resistance curve in fig 8 is complicated by the effect of finite depth of the 
tank 

§ 6 The Effect of Shallow Water. 

We saw in the first section that the wave-making resistance R can be 
written in the form 

E as %1M a (v—u)/v, 


where u is the group-velocity corresponding to wave-velooity v For deep 
water u = \v, and the formulae are comparatively simple But for water of 
finite depth h the relation between u and v depends upon the wave-length 
(2 it Ik). We have 

v = tanh Khj , 




Jv (1 + 2 /eA/sinh 2 xh) 


Consequently we find 


B 


= \wa*{\ 


2ich \ 

sinh 2 eh) 


( 21 ) 


As v increases from zero to \/(gh), R diminishes from \wcp to 0, provided 
the amplitude remains constant But* as Prof Lamb remarks,* the 
amplitude due to a disturbance of given character will also vary with the 
velocity. It is the variation of this factor that we have to examina m 
the manner used m the previous sections for deep water. 

If a symmetrical line-pressure system F(»), suitable for Fourier analysis, 
is moving uniformly with velocity v over the surface of water, the surface 
disturbance 97 is given by 

mot) = j" dt^ ieV $(#)sin k {*+(»—V)<) dec 

— J J dt j icV<t> (k) sin k {*+(»+ V) t) die, (22) 

where <f> (*) * j*F (») cos *o> dee. 

* XL Lamb, • Hydrodynamics,’ p. 381,1806. 

x 2 
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The method of evaluating these integrals approximately so as to give the 
regular wave-trainB has been discussed in a previous paper and it is followed 
now in the case of finite depth.* We take, under certain limitations, the 
value of an integral such as 

y as j <f> («)«n (y(w)} du 
to be the value of its principal group, viz., 

y« * {7^)} V («») (22 a) 

where v 0 is such that tf (««) =s 0. 

Now m the integials in (22) we have to find successively two principal 
groups, first with regard to k and then m the variable t , and thus we may 
evaluate the amplitude factor in the resulting regular wave-trains 
For water of depth h we may write 

f(tc) = v —V = 0— \/(jtanh * A ) 


The group with respect to k gives a term propoitional to 

cos {<«*/' (*)+!*■}, 
where k has the value given by 

/(*)+*/'(*) = -£ 

From (22a), this introduces into the amplitude a factor 

lA/['{2/'(*)+*/''(*))] 

Further, the gioup with lespect to t occurs for 

or /(«) = 0 


(23) 

(24) 


Also have in these circumstances 

<*» - i {<rw+r}-jW«) 

. .i f+*f , i </+*fv - (*/y , 25V 

t a 2f' + Kf" “ t i/'+Kf' t (2/ +#/') * K } 

Hence from (22a), (24), and (25) the selection of the two groups adds to 
the amplitude a factor 1/*/(«)> where 


/(«) = 0 = v— 


kK) 


* Havelock, ‘Boy Soc Proc,’ A, vol 81, p 411,1908. 
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Also it v is the group-velocity for wave-length 2ir/« and wave-velocity V, 
we have, in this case, 

« = ~ {ko-k/{k)} = »-{/(*)+*/ (*)} 

Hence, since in the final value f{tc) = 0, we have */'(*) equal to t>—« Thus 
if * is the wave-length of the regular wave-trains in the rear of the 
disturbance, we find that they are given by ' 

7} = const x KV $ - ^ sin kx , (26) 

v—u 

where * = \Z(J tftnh ^)> w = ^( 1 + ^^a) 

Hence for the amphtude a we have 
* - 

Substituting now in (21) we obtain for the wave-making resistance, R 
proportional to 

*■ <♦<*»•/( *-sHa) 

If we take the same distribution of pressure m the travelling distuibance, 
namely, F(«) » P«/w(«*+«*), we have <£(*) s= IV", fuither, we may 
again assume that the pressure F vanes as H, so that we have the resistance 
in the foun 

** iM *IM 

-* TT-jl <”> 

Considering R given as a function of r by these two equations, we see 
that K increases slowly at first and then rapidly up to a limiting value at 
the cntioal velocity \Z{gh), after this point R is zero, for there is no value of 
« satisfying the second equation with it/gh > 1 
Farther, the limiting value of R at the ontical velocity is finite, for we 
have 

^(l-2^/sinh2^j e=15 - 

We see that the R, v curve given by (27) is of the type sketched in fig 9 
We may compare this with some of the curves given by Scott Russell for 
canal boats. The continuous curve in fig 10 is an experimental curve of 
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total resistance* and the dotted curve is a parabolic curve inserted here to 
represent approximately the fnctional resistance, die difference between the 
two curves represents the residuary resistance, and ib dearly of the same 
type as the theoretical curve in fig. 9 



We can obtain a better estimate of equation (27) by taking an expen- 
mental curve for a model in deep water, and then building up curves for 
different depths We must first put (27) into a form suitable for com¬ 
parison with deep water results 

Limiting the problem to one of transverse waves only, the formula (27) 
must reduce to R = Ae -a M/o *, for A infinite and c m (speed in knots)/^/(length 
in feet) 

Writing v' for v/^/Q/h) we find <? = 113i/ a A/L; thus although the actual 
cntical velocity does not depend upon the length of the ship but only on the 
depth of water, the speed-length ratio (c) has a critical value which is 
proportional to the square root of the ratio (depth of water)/(length of ship) 

In (27) we cannot fix any value of v or e and then calculate R direotly, 
we must work through the intermediate variable kh The equations may 
now be written as 

R = A (#A)V*«“ a **/(l—2«A/sinh 2#A), (28) 

v'* «= (tanh Kh)/Kh , 0' = 0 218L/A, c» * 113*'*A/L. 

With A infinite this reduces to the previous form for deep water with the 
same constant A, so that a direct comparison is possible. As the velocity v 
increases from 0 to */(gh), « diminishes from ao to 0 , we seleot certain 
values of *A, calculate the values from tables of hyperbolic functions, and 
thus obtain the set of values in Table VII, writing m tot 
(*A)V 4 /(1—2*A/sinh 2*A) 

* J. Soott Bum 11, 'Edu. Phil. Ttau.,’ vol 14, p. 48,1840. 
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Table VII 


K h. 


c*L/A 

m 


to 

0 

0 

1 0 

2 58 

10 

0 816 

1 18 

1*0 

2 63 

6 

0 41 

1 87 

1 O 

2 68 

4 

O 5 

2 82 

1 006 

2 68 

2 

0 69 

5 42 

1*077 

2 48 

l 

0 67 

6 67 

1 287 

1 92 

0 

i 

1 0 

11 3 

1 6 

0 


We consider now the experimental curve analysed m Case IV in the 
previous section, a model of 20 5 feet taken up to a value 6=18 Assuming 
that the influence of finite depth was inappreciable in this range, we have for 
deep water 

E = 2<r ass /' te *+82 5 {1-014cos (10 2/c 2 )} (29) 

We leave out of consideration at present the first term, which is supposed 
to represent the diverging waves, and we extend the calculations for E 
(transverse) from the rest of the formula up to C = 3*3 taken at intervals 
of 01 for C, we obtain thus the lowest curve given in fig 11. With the 
help of Table VII, we calculate values of E for depths of about 5,10,12,15, 
and 20 feet, taking in the formula (28) A equal to 
82*5 {1 -0'14eos(102/c»)} 

so that the results apply to the same model at different depths An example 
of the calculations for one case may be sufficient, Table VIII shows the 
intermediate steps for h = 12 3 ft., L = 20 5. 

Tabic VIII 



c 


R/A. 


0 68 

0 826 

8 78 

0 024 

0 024 

1 12 

1-06 

2 20 

O 100 

0 106 

1 69 

1 8 

1 6 

0*224 

0 228 

8 25 

1 8 


0 606 

0 472 

6*14 

2 27 

0 874 


0-687 

6 8 

2-61 

0 

1 6 

1 


The results for the five values of h are given m Table IX, and from these 
the curves in fig 11 have been drawn. 

The general character of the effect of finite depth is clear on inspection of 
the set of curves m fig 11. If it is required to go to high values of the 
speed-length ratio in a given tank, the ratio of the depth of water to the 
length of the model must be adjusted so that there is no appreciable effect m 
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Table IX 


A/L 









e 

0 7 

1 0 

1*6 

1*7 

2 88 

8 

l 

E 

0-7 

7 6 

27 6 

89 2 

69 2 

80 6 

0 76 

0 

0 7 

1*0 

1 2 

1 4 

2 

2 64 

R 

■ 

7 5 

18 

21 4 

64 5 

79 2 

0 6 

c 

1 

1*0 

1 8 

1 8 

2 3 

2*6 

R 

0-7 

7 6 

17 0 

47 7 

78 

122 

0 5 

e 

0 *7 

1*0 

1 2 

1 66 

2 1 

2 38 

E 

0 7 

7 6 

13 1 

40 

74 

127 

0*26 

a 

0-7 

0 8 

0 84 

1 16 

1 46 

1 68 

R 

0 7 

1 7 

3 3 

14 1 

43*6 

142 6 



the range of the experiments Since the ourves given here are theoretical 
curves for transverse waves only, each of them ends abruptly at the critical 
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velocity—the resistance being zero after that point. In practice, we know 
that there are no such discontinuities iu the resistance curves, and there are 
certain considerations winch go to account for this difference First, as 
regards the transverse waves alone, the preceding formulas show that the 
amplitude tends to become infinite at the critical velocity, although the 
corresponding resistance at uniform velocity remains finite, but, even apart 
from tbe effects of viscosity, there is a highest possible wave with a velocity 
depending partly upon the amplitude Secondly, we have left out of 
consideration the diverging waves, but these must become more important 
m the neighbourhood of the critical velocity, for we may regard the two 
systems as coalescing into one solitary wave in the limit as the critical 
velocity is reached After this point the diverging waves persist, so that 
the effect of these would be of the order of halving the drop in tbe resistance 
as the ontacal velocity is passed 

Finally, we must consider the frictional resistance, which increases steadily 
with the velooity, so that the fall is finally a smaller percentage of the total 
resistance than might appear at first The curves given m fig 11 give 
an estimate of a maximum effect of this kind, considering only the transverse 
wave system 

§7 Further Types of Pressure Distribution 

The preceding formulae have been built up on the effect of a travelling 
pressure disturbance of simple type, wo consider now another type which 
we may use as an illustration 

Let the pressure system be given by 

p -/W = A 

The type of distribution is giaphed in fig 12 



Proceeding as m $2, we have 

£(*) m 2A j**cos km da « (30) 
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Henoe the amplitude of the regular wave-trains formed on deep water in 
the rear of this disturbance is proportional to Ac*Ae _ *\ and the effective 
wave-making resistance is proportional to **A , « -fcA We make the same 
assumption as before, viz, A proportional to v*, and write k — g/t?, then the 
resistance is given by 

R = Cv-*e~W+. (31) 

We use this expression to show how R vanes with the constant h of the 
pressure system Let v = 10 ft /sec, and let R = 1 for A = 0, then we find 
the following relative values * 


k 

B 

0 

1 0 

l 

0'53 

6 

0*04 

10 

0*0010 


R decreases very rapidly as A is increased We have chosen this axample 
for the following reason Consider the motion of a thin infinite cylinder in 
an infinite perfect fluid; if we consider a plane parallel to the direction of 
motion and to the cylinder and at a distance A from it, we find that the 
distribution of excess or defect of pressure due to the motion is of the above 
type. Now, this is not the same as a cylinder moving in deep water at 
a depth A below the free surface, but it is suggested that as a first approxi¬ 
mation the wave-forming effeot is that of an equivalent diffused pressure 
system The illustration shows how rapidly the wave-making resistance 
diminishes with the amount of diffusion, that is, with the depth A, this, of 
course, agrees with the experiments on the resistance to motion of submerged 
bodies, and, in fact, with the resistance of submarine vessels. 

In the preceding work no attempt has been made to connect theoretically 
the constants in thp pressure formula with those of the model; the 
theory rests chiefly on the consideration of transverse waves only, this would 
presumably bring into question the length of entrance, run, and so forth. The 
consideration of any " transverse w constants, such as the beam, would need 
a fuller treatment of a diffused pressure system in two dimensions on the 
surface so as to give a more detailed investigation of both transverse and 
diverging wave systems. 
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By J A Gray, B Sc (Melbourne) 

(Communicated by the Hon B J Strutt, F.R S Received March 10,— 
Bead March 25,1909 ) 

It ia almost certain that the helium in radio-active minerals is mechanically 
retained rather than chemically combined The question then arises, what is 
the size of the structure which retains each helium atom ? Is this structure 
of molecular dimensions, or is it much coarser ? The present investigation 
was undertaken m the hope of obtaining some information on this point. 

Moss 4 has found that traces of helium can be liberated from pitchblende 
by grinding, and it seemed likely that, by pushing the process 
much further, a large percentage, if not the whole, of the hokum 
present might be liberated If so, it would be legitimate to 
conclude that the structure m which the helium atoms were 
entangled was of the same order of magnitude as the particles 
of powder The experiments were earned out on thonanite 
from Ceylon, which has the advantage of containing a very large 
amount of helium To determine how much helium had been 
liberated by gnndmg, the amount of helium per gramme was 
found for coarse mineral, te. mineral containing the normal 
amount, and also for the ground mineral, the difference giving 
the amount of helium liberated 

To estimate the amount of helium per gramme of a certain 
specimen of mineral, a weighed quantity was placed in a small 
glass tube A (fig 1), with a glass rod joined to the closed end. 

This was placed m a large tube BO, m the bottom of which 
was some nitric acid. The glass rod was long enough to prevent the acid 
touching the mineral. A piece of glass tubing DE, £ inch bore, was joined to 
this larger tube and oonstneted at one part so that the tube could be easily 
sealed The tube was then placed m connection with a Topler pump by 
means of stout rubber tubing, which was fixed to the glass by copper wire to 
prevent air leaking into the pump The tube was evacuated and sealed off. 
Mineral and acid were well shaken together and the tube placed in a heating 
bath. Here the acid attacked the mineral and the contained helium was 
liberated. 

The heating bath consisted of one box of asbestos, f inch thick, inside 
* ‘Boy. Dublin Boa ProcV vol 8, Sorias t, Port 11. 
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another box In tlio inner box were two eleotnc lamps, by means of which 
a temperature of 100° C could be maintained At this temperature two and 
a-half hours were sufficient to complete the action. A small insoluble 
residue was left, and during the first experiments the tubes were placed in 
the bath again to see if the residue contained any hehum, but with negative 
results. After the mineral had been digested, a nick was made with a file at 
the top of the tube, which was again placed in connection with the pump 
The air was drawn off from the pump and rubber tubing, and the glass tube 
was then broken at the nick, under the rubber The gases contained in the 
tube were drawn off and collected On their way through the pump they 
passed thiough a drying tube containing small pieces of potash, which also 
acted on any acid gases coming over The collected gases were mixed with 
oxygen and sparked m a eudiometer containing a little solid potash. The 
mixture was sparked continuously until all contraction had long ceased 
The remaining oxygen was burnt off by means of phosphorus, and the 
helium which remained measured m a tube divided to tenths of a cubic 
centimetre The measured volumes were corrected for temperature and 
pressure 

In the mineral itself, hehum is practically the only rare gas The only 
impurity of any consequence would be argon coming from air which might 
get into the collected gases, in the first place by not drawing off all the air 
the first tune the tube was in connection with the pump, and again by air 
leaking into the pump when the helium and other gases are being collected 
In one experiment, 3 5 c c of gas were obtained at atmospheric temperature 
and pressure After sparking, this was reduced to 29 oc Thus there 
could be little gas other than helium given off from the mineral, and with 
care very little air could get in If an appreciable amount did get in, 
a correction could be made The gas remaining after the oxygen had been 
burnt off was usually mixed with oxygen again, and sparked to ensure that 
the sparking action had been complete. 

To obtain the mineral in a finely divided state, the thonaute, which woe 
in the form of small crystals, was first pounded m an iron mortar and the 
finer pounded mineral passed through a sieve of 0 3 mm mesh This finer 
mineral was well ground in small portions m an agate mortar and placed in 
a porcelain basin, where water was gently poured on it The basiu was 
shaken and the water made to rotate. The fine mineral that rose in the 
water was poured with the water into another basin, where it was allowed to 
settle, after which the water was poured off and the mineral dned over the 
heating bath, where the temperature was about 35° C. By this means, 
mineral ranging in size from 1 ft (or 0*001 mm) to 9 ft was obtained Expen- 
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rnenfcs on this and the mineral that would uot pass through the sieve showed 
that 11 per cent of the helium had been liberated, the normal amount of 
helium being 8*9 c.c per gramme, that m the fine material being 7 9 c c per 
gramme at 0° C and 760 mm pleasure To get the division finer, a second 
washing was made from the mineral containing 7 9 c c of helium per gramme, 
but a reduction of only 5 per cent* was effected This piocess could have 
been earned further, but was too uncertain and clumsy, and was discarded 
for the following method 

Forty oi fifty grammes of the thonamte were ground in small portions in 
the agate mortar This ground mineral was placed m a bottle and mixed 
with water The water and miueinl were well shaken together and the 
mineral allowed to settle When it had been settling a definite time, 4 or 
5 cm of the top layers of the water were syphoned off with the aid of 
a water pump Care was taken not to take off the mineral which floated 
on the surface of the water and was probably greasy The water syphoned 
of! was transferred to a basui, wheie the suspended mineral was allowed to 
settle, the water then being poured off When enough mineral had been 
collected, it was dned and expeumented on In this way mineral was 
obtained in which a further liberation of helium had been eflec ted In the 
different experiments, the time of suspension varied from 25 minutes to 
1 hour A microscopic examination was made of different samples of 
mineral, and by means of a camera lucida, drawings were made of magnified 
linages of the particles under the object-glass By drawing the image 
of 1/100th mm scale, the size of the particles could be estimated All the 
above-mentioned expeuments and some confirmatory ones are collected in 
the following table (see p 304) 

From this table we can sue that helium is lilierated by grinding, and that 
the finer the mineral is ground the more helium is liberated However, 
experiments 12 to 16 show that there is a temporaiy limit to this liberation. 
Special care was taken with experiments 14 and 16 to get accurate results 
The other experiments are on lather too small quantities to be very 
dependable, but they serve to confirm experiments 14 to 16 A comparison 
of the experiments will be aided by the following diagrams, which aie 
reproductions of fchpse taken by the camera lucida referred to above They 
are for specimens of mineral containing respectively 7*9 cc per gramme 
(fig 2), 6 6 cc per gramme (25 minutes in suspension) (fig 3), 64 cc per 
gramme (one hour in suspension) (fig 4) 

Comparing fig. 2 and fig. 3, the leason why the mineral represented by 
fig 2 contains more helium is probably because the larger particles of 
diameter 6 to 9/* have lost veiy little helium. This would explain results 
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6 to 11, but when we come to compare figB 3 and 4, we see that, although 
fig 4 represents much the finer mineral, as is obvious also from the times of 
suspension, there is very little difference in the helium content We could 
change from fig. 3 to fig 4 by replacing the larger particles by particles of 
diameter 1 and 2 p In other words, mineral, the particles of which were 
3 and 4/i in diameter, would not contain any more helium than particles 
1 and 2 /t in diameter It seems, therefore, that as we come to particles, the 
diameter of which is in the neighbourhood of 3 there is a temporary limit 
to the liberation of helium, and that 70 per cent of the helium is contained 
very firmly in the mineral The smallest of the ground particles is a little 
less than 1 m diameter, and it is impossible to say how much finer one 
would have to obtain the mineral for much of the remaining helium to be 
liberated Experiment 5 shows that, when the size of the particles is greater 
than 0 01 mm, scarcely any helium is liberated It is hard to say at what 
size the liberation of helium begins, but it is probably m the neighbourhood 
of 5 p In any case it is clear that part at least of the helium in thoriamte 
ib retained in a structure which is very large compared with tho molecular 
structure The experiments on which this conclusion is based may be 
summarised as follows — 

1 Helium is liberated from thoriamte, and a liberation of 28 per cent has 
been effected 

2 The smaller the mineral is gj ournl the more helium is liberated 

3 This liberation has a temporary limit when the imneral is ieduced to 
a size of about 3 fi 

4 It is impossible to say how the remaining 72 per cent of helium is 
contained m the mineral and to how much finer than 1 p the mineral would 
have to be reduced to liberate this helium 

In conclusion, I wash to record my thanks to Prof Strutt, who suggested 
this research, for his gieat kindness and help throughout the work. 
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An Apparatus for Measurements of the Defining Power of 

Objectives, 

By J de Gbaaff Hunter, M A, late Assistant at the National Physical 

Laboratory. 

(Communicated by R. T Glazebrook, F R.S Received October 6,1908,—Read 
February 18, 1909. Received in revised form April D, 1909 ) 

(From the National Physical Laboratory ) 

The apparatus here desoribed was devised at the National Physical 
Laboratory for the purpose of obtaining a numerical estimate of the goodness 
of definition in the image given by an optical system. It has been employed 
also for determining the distribution of intensity, as affected by diffraction, 
in the images obtained through a small circular aperture, giving results in 
complete agreement with the usual theory. 

As an object, the image of which is to be examtned, is employed an 
“ edge,” forming the boundary line between a half bright, half dark, field 
The distribution of intensity along a line at right angles to the edge may be 
represented by the broken line ABEF in fig 1, ordinates representing 



intensity, and absoissee, measured from E, distances from the edge In the 
image, the intensity distribution will be given by some snob curve as ABF, 
the light gradually falling off from full intensity at a point outside to zero at 
some point inside the geometrical image of the edge The objeot aimed at is 
to obtain a senes of points on, and henoe to draw, this intensity curve. The 
whole width we are concerned with in this blurred image of the edge is 
extremely small, and for the measurements magnification is necessary. 

The optioal arrangement which comes into consideration m what follows 
is shown diagrammatioally in fig. 2. The " edge " is placed at the focus of a 
collimator, so that it may be regarded as virtually at an infinite distance from 
VOL. LXXXII,—A. r 
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the optical system, say a photographic lens, to he examined, the image 
formed by such lens is viewed by a microscope. In the focal plane of the 



Fro 8 


eyepiece of the microscope (Bamsden) is placed a fine skt, parallel to the 
“ edge,” through which alone the light passes. The slit is traversed across 
the field by a micrometer screw 

The edge which serves as object is out on the semicireumference of a metal 
disc (6g 3 a 1. Only a very small portion of the edge is actually seen in the 

Q 

Fro 8a. Fro 3b. Fro So 

image, and this is straight to the order of accuracy necessary Over the 
other half of the circumference are sectors, cut to such a depth that the 
inner radius is less than the radius of ttie edge The edge, at the part 
viewed, is uniformly illuminated from behind 

Consider what is seen if this disc is rotated Over half the rotation there 
appears m the microscope field the blurred image of the edge, over the other 
half there is uniform illumination in the field, reduced only by 50 per cent, 
owing to the interposition of the sectors In general, at an appropriate speed 
of rotation, there will be a flioker as we pass from one half of the circum¬ 
ference to the other. 

If, now, a second disc, shown in fig 3 b, be plaoed behind the first, as m 
fig. So, the means of making a measurement is obtained If the two discs be 
rotated together, over the one half of the rotation is seen the blurred image 
of the edge, the illumination being everywhere reduced by one-half owing to 
the sectors, over the other half of the rotation there is uniform illumination, 
which, however, can be changed, in a measurable proportion, by adjustment 
of the second disc relative to the first. If the slit in the eyepiece be set in 
any definite position, MQ, parallel to the geometrical image of the edge 
(fig. 1), light of a definite intensity, PQ, will pass through it while the image 
of the edge travels across the microscope field, t a over one half of a rotation 
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of the discs, over the other half equal light intensity can be obtained by 
varying the position of the second disc Equality is determined by the 
disappearance of flicker 

Actually, it is found more convenient to fix the relative position of the two 
discs, and to move the slit in the direction perpendicular to the edge The 
variation in the light intensity across the blurred image of the edge is very 
rapid except near the maximum or minimum intensity (Bee fig 1), and the 
position of the slit in whioh the flicker disappears can be determined to a 
high order of accuracy The position of the point Q corresponding to a 
sector setting giving a certain light intensity PQ can be found to within 2 p. 
over the greater part of the intensity curve 

It was found desirable to arrange that settings of the sectors, in a con¬ 
venient senes of positions, could be made automatically The positions chosen 
were those giving intensities 0, 1/6, 2/6, 3/6, 4/6, 5/6, and 6/6 of full 
intensity The mechanism which seemed most suitable for making these 
settings was a crown wheel escapement By this means the sectors could be 
moved relatively to one another by a known amount, and the observer could 
rely on the sectors coming accurately to the proper position without having 
to take lus eye away from the microscope To allow for positions inter¬ 
mediate to those stated, it is only necessary to give the pallets of the escape¬ 
ment on adjustment over a small angle (0) In the actual case, by making 
0 =e 3°, any relative position whatever of the sectors can be obtained, and the 
19 possible settings at intervals of 1° (corresponding to 19 points on the 
intensity curve) can all be made with only one intermediate change of 0 




The second dike, bearing the crown wheel which forms the “scape wheel”' 
of the escapement, is shown diagrammatically (fig. 4 a section, 4 b plan). A » 
the shaft, B an arm carrying the pallets of the escapement, ie. the portions- 

Y 2 
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Vrhioh engage with the teeth of the crown wheel C. The arm B is free to 
rook about the axis EF on pins E, F screwed into the shaft A To give an 
adjustment for the 6 of the last paragraph, it is arranged that the pallets can 
swing on a sleeve on the arm B through an angle of about 5°. The arm B is 
connected by a short link G, with pm joints at each end, to the shouldered 
sleeve HHi, which is free to slide a short distance along the mam shaft AA'. 
In the portion marked Hi the sleeve has a slot out parallel to the length of 
the shaft AA'. This slot works over a pin fixed into the Bhaft, and so allows 
HH' a small motion along the shaft. This motion causes the arm B of the 
escapement to rock the requisite amount It is given by means of pressure 
applied along two rollers, which run against the shoulder H, bearing at 
opposite ends of a diameter through AA' The return motion is arranged for 
by means of suitably disposed springs Bell crank levers are used to enable 
the observer at any distance (in this case upwards of 2 metres) to apply the 
pressure to the rollers A brake string is placed m a V-groove out at the 
back of the crown wheel G The shaft is rotated by means of the pulley P, 
and this turns the first disc, and, through the escapement, the second disc 
also, against the brake string When the escapement arm B is rooked over, 
the brake string holds the second disc back until the escapement again carries 
it on with the shaft. The tension of the brake stnng can be adjusted by 
means of a screw at one end and a spring at the other to the proper 
amount 

In examining the definition at points off the axis of the system, it is usually 
enough to find the definition or intensity ourves for two azimuths, and the 
azimuthB naturally chosen are those of the radial and transverse lines On 
this aorount the whole apparatus is mounted on a stand free to turn about 
the proper axis (parallel to the Bhaft AA'), so that a simple rotation changes 
the portion of the first disc seen in the observing miorosoope from the radial 
line (when the top of the disc, tangent horizontal, is seen) to the transverse 
line (when the side of the disc, tangent vertical, is seen) A prop of suitable 
length is used to support one end of the stand, and by pushing this nearer to 
the axis of the stand the discs are raised to the proper position It will be 
seen that this arrangement gives three-pomt support (the points being the 
prop and the two ends of the axis) to the stand, and also the proper horizontal 
and vertical motions, which exoeed 5 cm., by one simple movement. Inter¬ 
mediate positions, necessary for definition ourves of other azimuths, oan also 
be given by combining a horizontal sliding of the whole arrangement with a 
rotation about the stand axis 

The apparatus has been used in conjunction with the Beck photographic 
lens-testing beach at the National Physical Laboratory. The lens for test is 
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held m the Book bench bo as to be free to turn about a vertical axis through 
its back nodal point, thus permitting the definition for oblique pencils to be 
readily examined. 

The eyepiece of the microscope by which the image is examined is a 
Jtumsden eyepiece of magnification ten In its front focal plane is a 
diaphragm in which is cut a diametral slit (as already explained) set 
tangentially to the image formed iu the plane of the semicircular edge of 
the first disc Part of the diaphragm can be swung out of the way to 
enable a general view of the object to be obtained. ThiB is necessary for 
setting up the object in the nglit position at the beginning, foi the field 
of new through the slit—especially when a high-power microscope objective 
is used—is far too small to allow any part of the object to be recognised 
With the highest power used (1 /6 inch) the image of the edge of the disc, 
even with a lens giving excellent definition, extended nearly across the 
entire microscope field The width of the slit m the eyepiece can be varied 
from 0 to 1 mm With a very steep definition curve it is desirable to work 
with aB narrow a slit and as high a power as possible The whole eyepieoe, 
with diaphragm and slit, can be turned so as to set the slit tangential to the 
image of the edge of the first disc 

To read the position of any setting of the eyepiece, a scale consisting of 
fine slits cat in a diaphragm is fixed to the main tube of the microscope and 
coplanar with the eyepiece diaphragm, if m the focal plane of the eyepiece, 
and the position of the eyepiece slit is lead against this scale, which is Ut 
up by the light from the object A little cover is arranged for these 
graduations, as the dickering occurring in them diverts attention from the 
observing slit, and so spoils the settings This arrangement allows readings 
to be taken without subjecting the eye to any outside light Greater 
aecuraoy of reading is obtained by using a micrometer screw, with a higher 
power objective. 

To compensate partially for change of intensity of illumination at various 
parts of the curves so as to limit the rauge of intensities at which 
the photometric observations are made, a neutral-tinted darkened glass 
absorbing about 70 per cent of the light incident on it is fitted in front 
of the eyepieoe. This can he removed when the intensity is smell Neutral- 
tinted glasses are also placed between the disc and the source of light to 
make the intensity of illumination m the microscope convenient to the eye. 
These glasses are changed according to the power of the microscope objective 
and the aperture to which the lens is stopped down. 

The automatic change of the position of the second disc gives nee to a 
peculiar order of change of intensity. Aa this order would be difficult to 
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remember, an indicator is arranged to show the position at any moment 
This is simply a ratchet wheel with 24 teeth, having the numbers inchoating 
the position marked on it. The escapement is worked merely by pulling a 
stnng once and releasing, and a convenient way of doing this, bo as to be 
certain that the pull has been drawn through far enough, is to attach the 
string to a crank, and give a complete turn of the crank to each movement 
of the esoapement The same crank actuates the indicator. 

With the arrangement described it is possible to make the settings at the 
rate of two per minute or so A whole senes of readings for central and 
oblique definition at any aperture can be made in 10 minutes 

Since the method employed is a flicker method it is dear that, unless 
monochromatic light is used, the various colours are weighted m proportion 
to the sensation they produce m the eye of the observer ThiB, of course, 
is not the best weighting for photographic consideration. It ib probable, 
however, m a lens which is fairly achromatic, that only a small difference 
would be found for the various colours The visual readings would apply 
practically without change if orthochromatic plates were to be used on the 
photographic objective 

It is, of course, necessary that the circumference of the disc which forms 
the “edge” examined should be very accurately circular, and accurately 
centred on the shaft The error m the actual apparatus is exceedingly 
small, it can be examined and its effect allowed for, if necessary, by focussing 
the microscope directly on the edge without any intermediate optical system 
The departure from perfect definition due to the collimator and microscope 
is also involved m the measurements taken for the optical system under 
examination, it is, however, clear from the results obtained that for practical 
tests of definition this effect is negligibly small 

The apparatus has been made up at the National Physical Laboratory by 
Mr. Murfitt, the instrument maker at the Laboratory Mr Murfitt gave 
very material assistance in the design of the various mechanisms, and the 
author is glad of this opportunity of recording his indebtedness for the help 
he lias received 

The theory of the distribution of intensity m the image formed by a lens 
with circular aperture, free from aberration, is well known The best 
account of it will be found in Lord Bayleigh’s article on “ The Wave Theory 
of light” in the 'Encyclopaedia Britannica’• The intensity carve in the 
image plane for a source consisting of an opaque straight edge with uniform 
illumination beyond the edge, as employed with this apparatus, has been 


* ‘ Collected Paper*,’ yol 3 
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calculated by Struve,* and some of Struve’s results are given in Lord 
Bayleigh’s article above cited 

The curves obtained with the apparatus for a certain photographic lens 
(denoted by No 2) at various aperture ratios are given in fig 5 Theee are 



for central definition, the axis of the lens intersecting the “edge.” The 
curve for /33 is prootically identical with Struve's theoretical curve for tins 
aperture It may be remarked that with most good photographic lenses it 
has been found that the best central definition is obtained at apertures 
between//8 and//11. 

The apparatus may also readily be employed for the experimental 
determination of the intensity pattern in other cases of diffraction, and it is 
hoped that the results of such measurements made with it at the National 
Physical Laboratory may be published later It may also be suggested that 
some such oontnvance, introducing a similar form of flicker photometry, 
might readily be applied to the measurement of spectrum line intensities or 
of the intensity of “ visibility cnrves " which arise in the use of the Mmhehww 
interferometer. In this way greater aoouracy might probably be obtained 
than by the method of estimation described m Micbelson’s * Light Waves 
and their uses.’ It is hardly necessary to say that this would lead to a 
more rigorous analysis of the molecular constitution of any nnhifr .n o*> 
examined by means of the interferometer. For such work only one source 
of illumination would be used (as in the apparatus described above), and the 
light would be partially allowed to pass through the interferometer and se 

* 1 Wiedemann's Atmaton,’ voL 17,1B8S, p. 1006. 
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to the photometer, while port would reach the photometer directly. The 
author hopes to have the opportunity of further consi der ing this application. 

In conclusion, he has great pleasure in acknowledging his indebtedness 
to Dr Glazebrook, the Director of the Laboratory, for his kindness in 
reading and revising the paper, and also to Mr. F J Selby for simil a r help. 
Many of the measurements were taken by Mr. T Smith, the author's 
successor at the laboratory, and to him also the author desires to express 
his thanks. 


The Flight of a Rifled Projectile m Air 
By Prof J B Henderson, D Sc , Royal Naval College, Greenwich. 

(Communicated by W Bumnde, F KB. Received February 9,—Read 
February 25, 1909.) 

The stability of a moving projectile has been treated by Sir George 
Greenhill as a practical application of a problem m hydrodynamics which he 
had previously solved, namely, the stability of a rotating spheroid moving 
slowly through a liquid * This hydrodynamioal illustration, however, though 
m itself interesting, gives little assistance in the numerical treatment of the 
problem which is here discussed—the stability of a projectile after it is 
launched on its trajectory The shot is then moving faster than a wave of 
compression in air; for this reason, and on account of the eddying motion 
generally, the shot cannot be linked to the air in that dosed kinematic chain 
which ib assumed in all problems m hydrodynamics, and in which the velocity 
of every particle of fluid depends only on the velocity of the solid, the two 
varying together in a perfectly definite manner Only the air at a very 
short distance from the projectile can directly affect the motion of the latter, 
and in the following pages the problem is treated simply as that of a moving 
rotating body meeting with certain resistances. 

This method of treating the problem seems natural and self-evident It 
has been need by the writer in leoturmg to naval gunnery lieutenants during 
the last four years, and by Mr. A Mallock, F.R.S, in a paper on “ Ranges 
and Behaviour of Rifled Projectiles m Air/’f but, so far as the writer ia 
aware, it has never before been earned to its ultimate oonduaion—the 
synthesis of a trajectory in all its details, the initial conditions and the laws 

* Bm 'The Engineer,' November—December, 1907. 

+ * Roy. Soe. Proc., 1 June 94,1907. 
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of resistance alone being assumed Incidentally the causes of both horizontal 
and vertical " drift" are made manifest. 

The projectile having left the gun with a certain initial velocity and a 
sufficient spin about its axis of figure to ensure stability about that axis, the 
direction of motion being inclined to the axis of figure, let us try to trace 
step by step the path followed by the centre of gravity of the shot and that 
traced out in space by the axis of figure 


Y 



Let OX he the direction of motion of the centre of gravity O (fig. 1), the 
axis of figure OA being deflected through a small angle a from OX, and 
suppose that, at the instant, OA is m the plane XY The air resistance i» 
then represented by a force / which does not pass through the centre of 
gravity, but m modern projectiles intersects the axis m front of the centre 
of gravity. We thus have acting on the projectile a "tilting" couple fa, a 
force/oos fi decelerating the speed and a force /sin fi generating momentum 
perpendicular 1 to OX in the plane AOX. The couple causes OA to process 


round OX, the velocity of precession 


perpendicular to AOX being : 


Iw 


(where 1 is the moment of inertia of the projectile about its axis of figure 
and m its angular velocity of spin). Whence the period of precession round 
OA is 

_ Ifry _ 2irlwain« 

Iw 7 * 


T = 2 warn*] 


The component force/sin jS normal to OX gives a curvature to OX in the 
plane AOX, end since this component is always in the plane AOX end pro¬ 
cesses with the shot round OX, the resulting curvature is constantly 
changing in direction and causes OX to assume a helical form 
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The curvet*re of the path is given by 


dfl _ /sin 0 
dt * mV 


and 


^aV, whence 
dt 


d$ /ainff 

»»V* ’ 


where to m the mass and Y the velooity of the projectile. 

Iu practice, both « and j9 will be Bxnall angles, and the Bines maybe replaced 
by the angles themselves. Let us first of all assume the force of gravity to 
be annulled 

In order to represent the changes in OA and OX by means of a diagram, 
since it is directions in space we are considering, let us represent angles by 
their traces on a spherical surfaoe Let a huge sphere be circumscribed round 
the projectile of radius so large that the dimensions of the trajectory are 
negligible compared with it, let ns say the celestial sphere, and let the 
diagram represent the paths traced out on the celestial sphere by the pro¬ 
longation of OA and OX. To simplify tho drawing of the diagram let us 
divide the period of precession of OA into 12 equal parts, and consider OX 
the direction of motion to be fixed during each interval, and at the end of the 
anterval add an equivalent change of direction in OX This change of 

direction would be given by 6 ^,*where T is the period of pre¬ 

cession, and sinoe * and 0 vary together we must, for the purposes of a 
diagram, make some assumption as to the connection between them Let us 
“assume that 0 is simply proportional to * Then d is simply proportional 
<fco « if T is constant But T as 2vlw sin »ffa, and we may consider a pro¬ 
portional to sin «, and therefore T is constant, or at least independent of a. 

In fig, 2, A* is the intersection of OA with the celestial sphere at a par¬ 
ticular instant, and Xo the simultaneous intersection of OX with the sphere 
The centre of the sphere is at 0 (not shown in the diagram), and the pro¬ 
jectile is supposed to be approaching the observer along OX* perpendicular 
to the plane of the diagram. In one-twelfth of a period OA processes round 
OX from OA* to OA t , and simultaneously OX moves towards OA from OXo 
•to OXi, XqXi being 6 and being drawn in the mean direction of XA during 
the interval Similarly the successive positions A s , A*... X*.X»... are obtained. 
It is seen that both A and X have spiral traces on the celestial sphere, and 
that the angle AOX steadily decreases, also that, if the initial deflection of 
the axis of the shot is upwards, as supposed in the diagram, the direction of 
motion OX drifts to the right and simultaneously rises above the original 
•direction OX*. From this diagram and the forward velocity V it to easy to 
•draw a diagram of the spiral surface traced out by the axis of the shot Th» 
as shown in fig. 9 with the aerie of lateral deviation greatly magnified, It 
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■will be seen from the elevation that instead of the trajectory remaining along 
the original horizontal line OX 0 it rises above this line, and from the plan it 
■will be observed that it deviates cousideiably to the nght We shall see 
later that these effects have been greatly magnified in figs. 2 and 3, but it is 
important to notice that they are present in every trajectory, whether gravity 



Fio 3 

is neglected or not One effect of magnifying the foroe fan fi is that the 
spiral motion almost disappears m one turn of the spiraL This point is 
dismissed later. 

The question may be asked- Have we any experimental evidence of this 
helical path 7 Ho accurate experiments have been made on the subject so 
&r as the writer is aware. One hears of actual spiral paths being observed 
by persons stationed behind the gun, but the evidenoe on tins point is very 
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conflicting Undoubtedly the projectile does occasionally leave the gun with 
its axis considerably inclined to the direction of motion, and in such a case 
the spiral motion will be exaggerated, but this is the exceptional case, and 
we shall Bee later that the dimensions of the spiral must, as a rule, be Bueb 
as would be invisible to the eye by the time the Bhot first becomes visible— 
at, say, 100 yards distance The shot will as a rule leave the gun with 
its axis slightly inclined to the direction of motion. This inclination may be 
produced by the rush of gases past the shot at the moment of leaving, or by 
a parting kick from the gun in a radial direction just as the base of the bIhsII 
is leaving the muzzle. Such a kick may arise from “ whip ” m the gun, or 
if a field gun is at all elevated, it will arise from any recoil of the gun 
carnage aB a whole, which, being m the horizontal plane, is inclined to the 
direction of motion of the Bhot. In the interval of time between the point 
of the shell and the base of the shell leaving the gun, the gun must gam 
velocity of recoil, which it imports to the base , hence the base gets a knock 
upwards and the axis of the shot immediately inclines to the left in 
consequence. 

The direct evidence available which would throw light on this helical 
motion is confined to the distribution of shot marks on a target at short 
range, from a gun carefully sighted on the centre of the target This- 
evidence would not be conclusive unless artificial arrangements were intro¬ 
duced for giving the shot an initial deflection to opposite sides, say by 
arranging the recoil horizontally and then firing at two targets, one at 
10° elevation and the other at 10° depression, and then comparing the 
targets The ladius of the helix must be of the order of 1 inch [but see 
addendum], consequently the holes pierced by a large shot m a senes of 
equally spaced screens could not throw any light on the subject, owing to 
the difficult} of accurately surveying the holes If we consider the penod 
of revolution in the spual, that is the period of preoession, the problem seems 
more hopeful. The shot in its path towards the target has at each moment 
maximum and minimum air compression on opposite sides, and these 
positions of maximum and minimum pressure are presented alternately to 
an observer stationed down the range at some distance laterally from the 
target, and since a compression is a seat of generation of atmospheric waves, 
the waves which reach the observer must have a slow pulsation of the 
periodicity equal to that of the precession in the spiral Whether these 
waves are audible or not the writer cannot say, bnt a sensitive mauouietnc 
flame or a microphone diaphragm would probably disclose the period. They 
ought to be heard by an observer situated down the range in the interval 
between seeing the flash and hearing the report It may he that that 
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<shot is not large enough to throw the sound shadow on which the periodic 
pulsations would depend 

A projectile having left the gun with its axis defleoted bom the direction 
•of motion, let us now study the forces which reduce this defleotion, and 
which tend in general to keep the axis of the projectile tangential to the 
(trajectory These are the fnction couple and the force already considered— 
the component of / normal to the direction of motion The former acts 
•directly in altering the direction of the axis of the projectile so as to reduce 
the deviation, while the latter affects the direction of motion of the centre of 
gravity m such a manner as also to produoe the same effect We shall 
consider the friction couple first 

Since the air pressure is unsymmetnoally distributed round the projectile, 
the fnction forces tending to stop the rotation will also be unsymmetrically 
•distributed round the axis, for, if we oonsider the force /as being due to an 
•excess cushion of air on one side of the projectile, the rotation of the shot 
«ill introduce an excess of friction m the peripheral direction in the neighbour* 
hood of the excess cushion of air ThuB we shall have a friction force q perpen¬ 
dicular to the plane AOX Or, considering a section of the projectile by 
a plane containing OX and perpendicular to the plane AOX, we get a figure 
somewhat like fig 4 There will be a dense wedge-shaped cushion of air M 



on the advancing side, and a tail race N of eddies in the wake The rotation 
of the projectile is in the direction of the arrow, and this rotation imparts 
momentum to the cushion M and to the wake N in the peripheral direction, 
hence we have the equivalent of two forces, dq and dq', acting on the 
projectile at M and N. The relative velocities of the air and the projectile 
at K and L are different, hence we have an additional tangential force at L 
represented by dq". 

If the forward velocity of the projeetile were small as in a golf ball, this 
extra retardation of the air on the side L would cause an accumulation of 
air on that side, and the oushion M would he moved slightly round on the 
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side L, the stream lines being modified accordingly There would then be- 
a component pressure perpendicular to the plane AOX In golf the spin 
about a vertical axis on a “ sliced ” or “ pulled ” ball causes this displacement, 
of the cushion of air on the front of the ball, and a drift to right or left is 
the result, the rate of drift increasing aB the velocity falls off 
In a projectile, however, the forward velocity is very great compared with 
the peripheral velocity due to any component spin about a vertical axis, and 
the rate at which the air in the cushion M is being renewed by the eddies 
effectually prevents any great deflection of the cushion towards the aide L r 
the difference of the relative velocities of air and metal at K and L is 
negligible, and the force dq" is zero Hence tho resultant resistance / is 
approximately m the plane AOX as assumed in fig 1 , and the drifts of 
a projectile and of a golf hall are due to different causes The effect of the 
forces dq and dq' over the whole projectile might be represented by two- 
forces q and q' in fig 5 perpendicular to the plane AOX These are- 



equivalent to a force j— 5 ' through the centre of gravity and a couple 
having OQ as axis, OQ being in the plane AOX, or, in this figure, in the 
plane XY. The axis OA will therefore presses under the action of the 
friction couple so as to tend to coincide with OQ, and it will continue to do 
so until OX is reached—that is, until the axis OA is tangential to the 
trajectory, in which position the friction couple q vanishes, the friction then 
being symmetrical about OA. 
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The inSttenoe of the friction couple is shown in fig. 6, but not to scale. 
The / couple gives to OA a preoesBion perpendicular to the plane AOX, and 
the q couple gives a precession in the plane AOX towards X. The forces of 
the /couple are great compared with the forces of the q couple, bat the arm 
of the q couple is great compared with the arm of the / couple If we 
assume the / couple to be 10 times the q couple the centra* about which 
A is turning is Co, where C«X 0 is i^AoXo. The arc AoAi is drawn with Go as 
centre The centripetal component/sin# will also be modified in direction 
by the small friction force q—q' perpendicular to it. If the arms of 
the /and q couples were equal the resultant direction would ba C«Ao m the 
initial position, henoe XoX, would be parallel to the mean direction of CoA 
during the first interval, but whether we draw XoXi parallel to the mean, 
direction of C' 0 A or to the mean direction of XoA makes little difference to 
the diagram The friction couple modifies the trace of A very considerably, 
as will be seen by comparing figs 2 and 6, the rate of diminution of the 
obliquity being considerably increased It will also be noticed that the drift 
is still to the right and upwards 

Let us now try to get some idea of the magnitude of this helical motion, 
by considering an aotual example; let— 
p = pitch of helix 

I = moment of inertia of projectile about axis 
m sb angular velocity of projectile about axis. 
r ss pitch of nfling 
a = arm of /oouple (fig 1). 
a s= inclination of axis to direction of mutton 
(3 = inclination of /to direction of motion. 

T s= period of precession in helix. 

V = velocity of projectile 

Then we have T * ^, w ^ ~T~ 

Processional velocity of axis OA perpendicular to the plane AOX is- 

2wT m 4-aTV 

Tilting oouple */a * sin a m —g-. ■ sma, therefore 

m 4w a IV sin« 

1 * Jr" * a * 

Now a depends on a, the oonneotion between them depending on the- 
shape of the ogival head. If we limit the problem to. small deviations we 
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may write the angle lor the eme of the angle, and by considering the shape 
of the head we see that 0 will at first increase much faster than «, since the 
pressure on one side of the ogive is increasing and on the other side 
decreasing as a increases. Taking 0 to be about 3a and a as one degree in 
a 12>inoh shell, a will be of the order of 1 inch. The square of the radius 
of gyration may be taken as one-half the square of the radius of the 
projectile The resistance / at a velocity of 2500 feet per second is 
approximately four times the weight of the projectile, and r is 45 feet 

Tima T — x 0*125 ft.^ x 2500 ft /sec ^ 

4 x m x 32 ft /sec.® x 45 ft -j^ft 

as 0 44 seoond 

There may be an error in the estimation of a of 100 per cent, bo all we can 
say is that the period is of the order of 1 second. 

Influence of Gravity on, the Trajectory. 

We are now in a position to discuss the effects of gravity on the trajectory 
The weight may be resolved into two components, one along and the other 
perpendioular to the direction of motion The first varies the magnitude of 
the velocity but not its direction, while the second varies the direction of 
motion We are only concerned at present with the second component 
The vertical plane of motion oscillates backwards and forwards in azimuth 
due to the helical motion, and m this plane, m every position it occupies, the 
normal component of the weight gives to the direction of motion a curvature 
downwards. Let us trace out on the celestial sphere the ohanges of direotaon 
of both the axis of the projectile and the direction of motion due to the 
weight In order not to complicate the diagram let us first of all neglect 
the fnotion couple, and let us choose the scales of the various magnitudes so 
as to make a clear diagram, but not to represent the physical facts These 
will be considered later. In fig 7, Ao and Xo are the initial intersections as 
before During the first twelfth of a period A processes from Ao to At, and 
due to the component /sin 0, if it acted alone, Xo would move to Fi, but 
since the weight has also been aoting during the interval it lowers X by the 
displacement FiXi, Hence, due to the combined action of / and W, X moves 
from Xo to Xi dunng the fiist twelfth of a period During the second 
twelfth A turns about Xi from Ai to As, and X moves simultaneously from 
Xi to X*, and so ou. 

Both the motion of A and the radial motion of X are proportional to the 
obliquity AOX, but the vertical motion of X is independent of the obliquity. 
Hence the vertical displacements FiXj, F»Xj, etc., are all equal, while the 
VOL. htOSL—A. z 
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radial motions X*Fi, XiF*,.. etc., are proportional respectively to A*Au 
AiAt, etc., that u, to A«OXo, A 1 OX 1 , etc The traoes of A and X are 
sketched in fig 7 for two whole periods of the helical motion. It will be 
noticed that the obliquity AOX gradually diminishes and that the direction 
of motion bears to the right The horizontal ordinate of the locus of X is 
proportional to the rate of horizontal drift, and it would be easy to plot from 
this curve a curve of rate of drift as a funotion of time, and then by 
integrating it to get the linear drift at any moment. It will be noticed that 
the drift as drawn is always to the right, but suppose as a starting point for 
our curve we take, say, A«, that is, we assume that the axis of the projectile 
is initially inclined downwards from the direction of motion, then the 
original plane of the trajectory is the vertical through X« and the drift is 
then to the left for almost the whole of the first complete period We see, 
therefore, that it must be impossible to obtain an analytical formula for 
dnft which would apply to all guns or to all elevations of the same gun, 
since, as we have seen, the initial deviation of the axis of the shot is likely 
to vary with different guns, and with the same gun at different elevations 
The natural elevation of a field gun would cause an initial deflection in the 
direction corresponding to A w if the carnage reooiled horizontally, and the 
initial plane of the trajectory would be a vertical through X]„ Hence we 
should expect the shot to show drift to the left for short ranges and to the 
nght for long ranges if the elevation were kept constant The elevation, 
however, is varied with the range, and in modern guns the recoil is parallel 
to the axis of the gun, hence the drift to the left at short ranges, which has 
been noticed in certain guns, must be caused by an initial deflection of the 
axis of the projectile to the left due to “ whip ” m the gun in the vertical 
plane, or to the rush of gases past the shot 

Numerical Example 

In order to get some idea of the relative magnitudes of the displacements 
of the direction of motion due to the weight and the normal component of 
the resistance, let us consider a 12" shell moving at 2500 feet per second 
with an obliquity of axis of one degree, and suppose that the corresponding 
obliquity of the resistance / is three degrees The deceleration at this «p eed 
is about ig The penod of precession is, say, 0 48 second, and the intervals 
under consideration are 004 second The change of direction 
0*04 second due to the weight is given by 

FiXi = ^ ra ^ lan * 18 minutes of arc. 
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The normal acceleration due to / sin /9 is approximately /3 times the 
deceleration, or x 4<g = iff Hence 

XoF ss -J-FiXi sb 0 36 minute of arc 

Hence, if we take the distances XqFi, FiXj, and A«Xo in the ratio 
1 * 5 180, we shall have a diagram approximating to an actual case Such 
a diagram is drawn in fig 8, but the friction couple has been omitted m 
order to show more clearly the effect of friction by a separate diagram. 
Assuming the fnction couple to be one-tenth of the direct resistance or 
tilting oouple, and redrawing the diagram as m hg 6, we get fig 9 This 
figure is important as including all the effects and showing a real trajectory 
approximately to scale so far as the angulai deviations of the axis and the 
direction of motion are concerned. It will be noticed by comparing figs 8 
and 9 that the friction couple is the principal agent in reducing the deviation 
of the axiB of the shot from the direction of motion, that the effect of the 
normal component of the resistance is negligible m comparison, but that 
this normal component of the resistance is the active agent in producing 
drift 

In fig 9 four complete periods are shown, and the deviation has been 
reduced from one degree to almost zero In order to study the deviation in 
the case when the axiB is initially coincident with the direction of motion 
fig 10 is drawn, maintaining the same relative magnitudes as were used in 
fig. 9, but magnifying the scale of the whole diagram five tunes, so that a 
single loop at the foot of fig. 9 represents fig 10 It is seen that although 
the axis and direction of motion are initially coincident they are never 
again coincident, and that the axis keeps always to the right of the direction 
of motion In such a case drift to the left is of course impossible. Sinoe 
the /sin# effects are negligible, the vertical scale becomes a scale of tune, 
and the locus of X becomes a curve of rate of drift In order to ahow the 
shape of this curve the ordinates have been magnified 45 tunes, and the new 
curve so obtained is called a curve of rate of drift The area of this curve if 
integrated gives the linear drift. 

Fig 11 is drawn to show the effect of doubling the fnotion couple This 
effect, as will be seen by comparing figs 10 and 11, is very slight—if the 
initial deviation is zero—during the short interval of time considered in the 
diagram. 
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Vertical Drift 

When neglecting the foroe of gravity we saw that the shot, in addition to 
drifting laterally, also became elevated above its initial direction of motion 
The horizontal drift of X is dne to the horizontal component of FiX* (fig 7), 
while the “ vertical drift" of X, as distinguished from the vertical motion 
dne to the weight, is due to the vertical component of F1X0 It is, of course, 
a very small quantity in practice, but in order to find itB magnitude the 
two curves of honzontal and vertical rate of drift have been drawn m 
fig 11, and on integrating them over the interval represented on the diagram, 
0 6 second, the lateral drift is found to be 0 06 foot and the vertical drift 
0027 foot 

By dividing the time of flight of a projectile into periods of the pro¬ 
cessional motion, and considering the velocity and deceleration as constant 
throughout eaoh period but varying from period to period, it would be 
easy to trace out the complete history of the motions of the axis and of the 
path of flight for any given data regarding the shot and the resistances 
opposed to its motion 

In conclusion, I desire to express my cordial thanks to my friend and 
colleague Prof W Burnside, F R S, for the interest he has shown in the 
problem discussed, aud my indebtedness to him foi his valuable criticism 

[Addendum, March 3, 1909—At the meeting of the Society when this 
paper was read, the question was laised whether the drift could possibly be 
due to the helical motion, since no trace of helical motion has been observed 
on the trajectory of a rifle bullet as recorded by the holes pierced m a senes 
of screens To settle this question, the curve of rate of drift for the first 
turn of the helical motion in fig 9 was redrawn on a scale 10 times ob groat 
as m fig 9, and was integrated The linear horizontal drifts at the ends of 
the successive quarter penods are 0 27,1*27, 2 26, and 285 inches, which, if 
plotted at equal intervals on a time base, will be found to correspond with a 
spiral of 0 4 inch radius The deviation dunng this first turn of the spiral, 
it will be remembered, was taken as initially cue degree, and is rapidly being 
decreased, hence 0‘4 will be an excessive radius for the spiral path of a 
12 -inch shell. The cases on record where large projectiles have actually been 
seen travelling in spnal paths have probably been due to insufficient spin on 
the projectile, the driving band having slipped on the projectile or stripped in 
the gun 

A radius of 04 inch would be quite observable on the screen records of a 
small bullet, but the following elementary considerations of dunAwipn a show 
us that the radius of the helix will be proportional to the diameter of the 
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piojectile if the velocities and deviations of the axes are equal. The mass of 
the shot, oc cP; moment of inertia oc eP, resistance oc <2*, biting couple 
oc d x , hence the velocity of precession, which vanes as the tilbng 
couple-wnoment of inertia, oc d~ i 

The curvature of the path due to the normal component of the resist¬ 
ance oc resistauce-i-niomentuni of shot oc d a JcP oc d~ l Radius of the helix 
oc curvatuie ot the path-f-velocity of precession oc d" 1 xd* oc rf The radius 
of the helix of a 0‘3-mch bullet would therefore he of the order of 
0 4"/40 = 0 01 inch, which would not lie detectable on the screen records ] 


On the Graphical Determination of Fresnel’s Integrals 

By John II Shaxby, B Sc (Lond), University College of South Wales and 

Monmouthshire 

(Communicated by Principal E H Griffiths, F R S Received March 9,— 
Road April 22, 1909) 

The functions f cos(j7r.t J )d< and [ Bin (Jwr 3 ) do.., known as Fresnel's rate- 

grals, have usually been evaluated by means of converging senes, foi instance 
those of Cauchy and Knochenhauer The graphical method of integration, 
by the summation ot the areas contained between given ordinates, the arc of 
the curve they cut off and the .r-axis, is readily applicable m this case, the 
quantity cos (or sin ^itx 3 ) being plotted as ordinate against x as 
abscissa. The area can then be determined between any given limits by 
Simpson’s Rule In praotiee, however, it is simpler and more aoourate to 
apply Simpson’s Rule directly to the calculated values of the ordinates, 
without plotbng a curve 

The curve y = cos lire* has its zero values at x = 1, 32, 52, etc, and is thus 
marked off into a senes of loops of steadily decreasing area The simplest 
method of computation is to find the areas of these separate loops (the first 
being only half a loop) ranging, in values of *, from 0 to 1, 1 to 32, 
32 to 52, etc. The range for a particular loop will be termed its base-line. 

In the subjoined tables the calculations have been made by dividing each 
bare-line into 10 parts and calculating the ordinates corresponding to the 
points of division, eg, 01, 0*2, 0*3...0*9 for the first half-loop. 

The area of any loop may then be written as lei, where d is the length of 
the base-hne and k a factor depending upon the loop considered The 
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values of k are shown in Table I for the first six loops and for two other 
loops of higher order The table shows that k rapidly approaches a constant 
limiting value, 0*6366. Thus after a very few loops the area of a loop is at 
once given by the product of thiB constant and the length of the base-line 
The theoretical limit of l is discussed m Section 4. 

The integration [ cos (|w.e®) dx to any uppeT limit x = n*, where n is an odd 
Jo 

integer, is thus readily performed by adding to the integral for the first few 
loops (say up to 11*) the value for the higher loops k%d, where 2d represents 
the quantity obtained by summing up the base-lineB, attributing to them 
positive and negative values alternately (because of the alternating signs of 
the loop-areas), and writing k as 0 6366. 

Table I exhibits also the areas of the first six loops, and so provides the 
data for such a calculation 

The values of J*sin dx can similarly be calculated for the loop-areas 

of y = sm Jwas®, where the base-lines range from 0 to 2*, 2* to 2, 2 to 6*, etc, 
the values of x for which sm Jira* m 0 
These loop-areas and the corresponding values of k are shown in Table II, 
we again find the rapid approach of k to the constant value 0 6366 


Table I —Constants and Areas of Loops of y = cos 


Limit* 

Bu« lioe 

Am 

k 

0—I 

i 

1-0000 I 

0 7700 

O 7700 

1-8* 

0 7820 1 

0 4680 

0*6268 

3*—6* 

0 6040 | 

0 8108 

0*6844 

5*—7* 

0 4097 1 

0 2608 

< 0*6868 

7 4 -* 

0 8642 , 

0 2254 

0*0862 

a—n* 

0 8166 

0 2016 

' 0 6868 

09*—101* 

0 1000 1 

_ 

1 0*6805 

909*—1001* 

0*0816 1 

— 

i 0*6800 

1 
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2 Integration can of course be performed to any upper limit x by applying 
Simpson's Buie to the portion of a loop between and x, when n is the 
largest odd integer less than 2 s m the case of cos the largest even 
integer less than 2* in the case of sin \irx k A simpler method is given in 
Section 5, for cases m which n is not small. 

Table III gives the values of j cos ($*-2*) dx for 2 =* 01, 02, etc,. . 1, 

Jo 

calculated without further subdivision of the base-line of the first half loop, 
Gilbert's values being added for comparison It is interesting to note, with a 
view to the availability of this procedure m cases where other methods may 
not be available, that such slight subdivision can give satisfactory results. 


Table III 


1 

Upper limit x 

1 

J coi (ire*)(&r 

Gilbert's table. | 

1 

0 1 

0 1000 

f 

0*0009 

0 2 

0 1099 

0 1999 I 

0 3 

O 2004 

0 2904 

0 4 

0 8976 

0 8975 j 

0 6 

0 4028 

0 4903 j 

0 6 

0 6811 

0 6811 

0-7 

0 6697 

0-6697 ! 

0 3 

0 7220 

0-7*30 1 

OH 

0-7648 

0 7646 

1-0 

0 7799 

0*7700 1 

1 


3 The values of [ cos (Jw2*) dx and I sm (jTra*) dx in the special case 

J*x J*, 

when xi and x% are not small and differ but little from each other, can be 
directly found as follows — 

d (2*) so 2 xdx and 22 m 2i+2», approximately. 


So, approximately, 



COS (lira*) dx m - cos (imu*) d (a*), 


whence 1 

a 

|%0B (iw2») (MU 

<1> 

Similarly, 

j 

£ (i***) dx m v (ei+a|) (oos iw 2 i*-ooe 

(2> 
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4 Special cases.— (a) j cos dx 

Jx, 

In the case when xi 3 — 2n~~ 1, where n is any integer not too small for the 

o 

approximation of Section 3, the integral becomes — (sin $7rr**± 1), 

where the positive sign refers to even values of n t the negative to odd values. 
If, in addition, = 274 + 1, the value reduces to ± — —■—or, as in this 
case a* fl —^i a = 2, to 

± ? Ja, z 2 ) l = ± 0 6366 (sj-aO (3) 

7T 


This expression therefore gives the area of the loop of the curve comprised 
between the limits .ti = (2»t—1)* and x» = (2»+l)*, and is numerically equal 
to 0 6366 of the base-lme of the loop 

pi 

(b) I sin (\m a )dx A similar investigation shows that if xi 3 =* 2», the 

value becomes---(+ 1—cos $irx a 3 ), where the positive sign is to be 

ir(* i+x») 

associated as btfoie with even values of n 

If wo consider one loop, le if = 2»+2, the integral becomes again 
2 showing that the limiting value of k is again 0 6366 

5 roos(Jwx J )d> = [ V ”cos(Jirj ,a )^f!t+ [* cos ($«?)<£», where n is the 
Jn J Vn 


greatest odd integer less than a* 

Ftom equations (1) and (3) computations may now be made rapidly, thus, 
for example — 

(•a l * ra n l 

J cos($ira a )<te as J cos (iT.? 3 ) <ic+ J ^oos (Jawc*) dx 


m 0 7799 - 0 4589 + 0 3198-0*2603+0 2254+ 



The last quantity =s —0*0444, so the integral is 05616. 

[ sin (Jttk 8 ) can be computed in a similar way, the integer corresponding 

Jo 

to n being even instead of odd. 

Tahle IV shows the values of the integral | cos Q [ irx?)dx calculated by the 

, J o 

above method tor upper limits ranging from 3*0 to 3*6 by etepe of 01. 
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Table IV 


Upper limit 9 

r* 

1 00* (§»*)& 

Gilbert's table 

8 0 

0*0050 

0-0067 

8 '1 

0 5616 

0 6616 

3 3 

0 4663 

0 4668 

8 a 

O 4058 

0 4067 

8 4 

0*4886 

0 4868 

8*5 

0 6887 

0 6866 


6 The method is also capable of indicating the values (0 5) of the integrals 
between the limits 0 and ao Thus 


f« (V(d,-3) 

I sin (*to*) dr = 1 ydx+ I ydx , 
Jo Jo J V(««-S 

4N, N being any integer 


W 


where 7<o = 
r«A»o~!i> 

— I s/ n °+\/( n «“*2)+\/( ,t o+2)""\/ w #}-M“"v/( w o+4)+etc } 

J 0 

+etc ] 

« I A. + (wo4*4)”*+ *} 

Jo 

r^(w«-3) 7* 

*Jyrf*-|{N-»+(N+I)-»+ .} 

ydx-l 2»~» 

1 <* H 


'I 


If no « 28, N = 7, (n-2) * 26 


Jo 


0*5622 and « 183 

i 


op 

2 n~t can be estimated as 2 61 by the method of approximate s umm ation 

i 

of series by differential coefficients * 



0 5622-* x 0 6366 (2 61-183) m 0*500. 


* Bools, 'Finite Difference*,’ p 90. 


Hence 
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A Phenomenon connected with the Discharge of Electricity from 

Pointed Conductors 

By H. T Barnes, Macdonald Professor of Physics, and A N Shaw, 
Demonstrator of Physics, MoGill University, Montreal, with a Note by 
John Zblxny, Professor of Physics, University of Minnesota 

(Communicated by Prof E Rutherford, F R.S Received March 30,— 

Read April 29, 1909.) 

The discharge of electricity from pointed conductors has been the subject 
of many important investigations, notably by J J Thomson, Cliattock, 
Warburg, Zeleny, and others The effect of moisture on the discharge has 
recently been studied in detail by Zeleny,* who was the first to observe the 
formation of a coloured deposit on steel needle points when observed under 
a microscope He describes tins deposit as having a reddish-brown oolour, 
resembling ordinary rust, which is attached to the point in irregular pieces 
which extend outward some little distance, and finds it produced even m 
fairly dry air A maiked difference m the volume of the deposit was 
observed, depending on the direction of the disoliaige to the point As 
anode the amount was much in excess of that produced when the point was 
made the cathode As Prof Zeleny passes over this phenomenon with but 
a brief mention for the steel points he used, we considered it of interest to 
study this deposit more in detail, using pointed conductors of various metals, 
and to observe what effect the presence of the deposit hod on the discharge 
It appeared to us probable that the deposit was connected with the presence 
of moisture in the air surrounding the point, and that it could be eliminated 
altogether by having absolutely dry air. We have found this to be the case, 
and m consequence one of the disturbing factors connected with point 
discharge may be eliminated ouly by working with air from which eveiy 
trace of moisture has been removed. 

Most metals react easily with oxygen in the presenoe of moisture, but 
especially when made the anode m an eleotric circuit It has been shown 
by one of ns, working with Mr G. W. Shearer,t that the metals aluminium, 
magnesium, and zinc, form, as the first stage of their oxidation, hydrogen 
peroxide, when immersed in water containing dissolved air or oxygen. The 
amount of peroxide formed was observed to be considerably increased when 
the metal was made an anode Other metals, such as iron, appear at once 

* 1 Fhys. Revvol SA, p. 306,1907, ' Fhys. Bev,’ vol M, p. 448,1909 
t 4 Jonrn. Fhys. Cham.,’ vbL 13, p. li>6,1908, voL 18, p. 468,1908 
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to decompose any peroxide produced as fast as it is formed It seems 
highly probable that the first three metals form over their surface a 
protective film which, in the case of aluminium,* is exceedingly resistant 
The non-formation of this surface film allows free action between the 
nydrogen peroxide produced and the metal, resulting m the decomposition of 
the former and further oxidation of the latter The formation of the surface 
film on aluminium has been frequently studied,^especially in connection with 
the asymmetric conductivity of that metal The readiness with which the 
surfaoe film may be broken down by the current, when travelling from the 
metal as cathode, indicates, we think, the incompleteness of the oxidation 
producing the film 

When a considerable amount of clean and pure aluminium foil is 
immersed in water containing dissolved air, the amount of which is kept up 
by bubbling or agitation, the amount of peroxide is considerably increased 
The passage of a current with the foil as anode and a small wire cathode 
still further augments the yield This was also observed m the case of zinc, 
and to a less extent for magnesium An attempt at quantitative estimations 
of the amount of peroxide produced was made by colomuetnc tests, using 
starch and potassium iodide, and comparing with a very dilute solution of 
standard hydrogen peroxide With aluminium and zinc it was not possible 
to increase the yield by more than 1 pait m 50,000, while for magnesi um 
this was found much smaller, i « 1 part in about 600,000 

The photographic effect of metals, which was thought at one time to be 
due to tiie emission of an emanation or of ra> s, has recently been shown by 
S Saelandf to be due probably to the formation on a clean metal surfaoe of 
hydrogen peroxide produced by reaction with the moisture in the air The 
metals whioh were found to be most active were magnesium, al uminium , and 
zinc, which are the three we have found to yield measurable quantities of 
peroxide m water with dissolved oxygen Saeland produoed the effects of 
the so-called metal rays by small traces of peroxide, and no trace of photo¬ 
graphic action was observed from a clean metal surfaoe in perfectly dry air 
or in hydrogen In the light of all these results we considered it Hi g hly 
probable that the deposit on the steel points obtained by Zeleny was due to 
moisture m the air surrounding the electrode which, under the influence of 
the electrified gas, was oondensed around the negative oxygen ions and 
swept into the metal anode point Townsend has shown? that an electrified 
gas has the power of condensing moisture, even in an unsaturated 

* ' Am, Electrochem. Soc Trans.,’ vol 13, p. 168,1908. 

t ‘ Ann. d. Phy*,’vol 96, p 899,1908. 

t ' Gamb. PhiL Soc. Proc ,* vol 9, p £49,1897 
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atmosphere How minute a trace of water vapour in the air can be 
condensed on the negative ions has been indicated in some recent experi¬ 
ments of Prof Townsend.* The production of minute droplets in a gas 
containing only a small amount of moiBture would probably not be 
observable by transmitted light unless viewed through a great thickness of 
gas Such a tenuous cloud is probably the cause of the haze often observed 
in the atmospheref at low values of the relative humidity. 

Our experiments appear t 6 show that even a minute trace of water vapour 
ib condensed around, and thus carried to the metal by the negative oxygen 
ions which cause the formation of the deposit, and that these ions alone are 
not able to cause the oxidation of the point oven under a powerful electric 
field. 

Before describing the apparatus used in tins work, which was essentially 
the same as that employed by Zeleny, we wish to describe and, as far as 
possible, classify the vanous deposits observed on the different metal points 

In every case the deposit was examined under the microscope after the 
point was removed from the apparatus. No observations could be con¬ 
veniently made while the discharge was passing 

Appearance of the Deposit. 

It was found, at the outset, that a low-power microscope failed to reveal 
the character of the deposit, aud merely indicated the presence of some 
foreign material at the point This, to the unaided eye, mas m the majority 
of oases absolutely invisible A microscope of high power was, therefore, 
used to study the nature of the growths which we have classified under the 
different heads as follows -— 

I. Granular Formation 
II Tubular or Icicle Formation 
III Smooth Formation. 

IV. Thin-film Formation 

The four types are all probably connected with each other, but in appear¬ 
ance they are quite distinct 

I The Granular Formation. 

This formation appears in irregular growths which, under certain condi¬ 
tions, will extend to a distance of about a tenth of a millimetre from th» 
surface of the pout, but is usually of a far smaller order The shape 

• ‘Boy Soc. Proc.,’ A, voi 61, p. 464,190fi 

t Frank W Proctor,' Monthly Weather Renew,’ rd 36, p 82 ,1907 
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of these growths (see figs 1, 2, and 3) is very similar to that of ordinary 
rust, as seen under the same microscope They are composed of minute 
particles resembling powdered crystals, it is for this reason that we have 
called the deposit " granular ” Thm portions show a translucence usually 
colourless, the thicker portions are almost opaque and vary from dark reddish 
brown (for steel) to grey black (m the case of copper). 



Fio 1 —Steel Anode Point*. Fro 2 —Aluminium Anode Point* 


This form of deposit is the most prevalent one, and may be considered as 
the final stage. It probably passes through types (II) and (III) before 
becoming granular In fig 4 is shown the amount of deposit on the same 
point discharging negatively 



Fro a—Detached Granular Deposit. Fro 4 —Steel Cathode Point 

II The Tubular or Icicle Formation 

These formations are most interesting in appearanoe (see figs. 6 and 6) 
Varying from yellow to colourless they have almost the exact appearance of 



Fro. 6.—Anode Deposit with Fro ft—Tubular Growth showing Water Con 

Five Tabular Growth* at Different Levels. 

VOL LXXXU. — A. 2 ▲ 
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the common icicle A similar formation can be obtained by dipping 
aluminium into HNO a and then into Hg. It was observed on one occasion 
that a piece of freshly scraped nickel developed a few very small iciole 
formations without electric discharge. 

The loides are to be seen in three forms *— 

(a) A growing form with liquid core. 

(b) A permanent form with liquid core. 

(c) A permanent form with hollow core 

All three forms oonsist of a thin tube whose sides are apparently com¬ 
posed of the more opaque granular formations In (a) the tube is filled 
with a very mobile fluid which rises and falls rapidly with any change 
in the immediately surrounding humidity Tf there ib sufficient change the 
fluid will rise beyond the extremity of the icicle, and form a large bubble 
which may burst. The film of this bubble is very thm and will sometimes 
show very pretty coloured interference effects In receding back into the 
tube, under the influence of dry air, the fluid leaves the icicle extended and 
further developed. In this condition the granular formation of the walls of 
the icicle becomes visible, and a huge part of the transparency is lost, the 
tube appears to dry up, and tbe outlines of each granule stand out. If the 
fluid rises again it appears to soak into the sides, and the whole once more 
becomes translucent. These different phases are illustrated in fig 6 

(b) The permanent form with liquid core •—The mobile fluid in the bubble 
often becomes thick, and eventually viscous, before receding into the core of 
the icicle. In this case the whole hardens into a permanent shape of a dark 
but even colour, in which case the granular formation cannot be distin¬ 
guished. 

(c) The permanent form with hollow core —This is merely the dry tube 
mentioned above in tbe special case when the fluid has receded first and then 
hardened, leaving behind a permanent granular icicle 

III The Smooth Formation 

This formation consists of the hardened fluid already described, existing 
by itself m flat spheroidal drops (see fig. 7) There has been no building up 
of granular tubes previous to the hardening of the surface. In oolour this 
deposit is usually a dark yellow or brown. 

IV. The Thm-film Formation 

The thickness of this formation cannot be observed, it is perfectly trans¬ 
parent, and can only be seen as a definite band of interference colours aoross 
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the surface of the untarnished metal, just below the point (see fig 8)l These 
zones of colouring are, however, always bordered on the side nearest the 
point by a very narrow black band, which seems to either merge into the 
Tegion of the granular deposit, if there is any, or stop suddenly if there u 



Fto. 7 —Smooth Formation. Flo. 8 —Thm Film Formation. 

none, and leave the point itself quite clean The black band, like the film, 
has no appreciable thickness. It is, however, often visible to the naked eye, 
and under long treatment will develop into a smooth black tarnish. 

Production of the Deposit. 

A The Apparatus used .—To permit the use of dry air, oxygen, etc., the 
point and plate were placed in a closed brass cylinder The cylinder used 
is shown in fig 9 



Fio 9 —Discharge Chamber 


The figure is a vertical section The brass cylindrical vessel V is 13 cm 
lugfa and 15 cm. in diameter It is kept connected to earth m order to 
prevent the apparatus becoming charged The plate A is a flat smooth brass 
disc, 6 cm. in diameter, which fits into a metal holder BB, connected to one 
terminal of the electric machine Besides the plate A, another plate, 18 cm. 
m diameter, two rings, and several rounded and plane wire ends were tried, 
but in most cases the plate A was found to be the best The holder BB is 
insulated from the vessel by means of a hard rubber plug C, into which it 
fits tightly. In a similar manner a metal red DD, connected to the other 

2 a 2 
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terminal of the electric machine, holds the point £ and fits into the insulating 
plug F The rods DD and BB are graduated, and can be moved to adjust 
the distance between the point and the plate The vessel V is made com¬ 
paratively air-tight with the detached bottom G by means of tap-grease or 
vaseline There was a small removable window m the side of the vessel, 
which is not shown in the figure H and I me tubes, by means of which dry 
air, oxygen, etc, can be introduced and passed through the apparatus. 

To generate the current a Wimshurst machine was used. Since the 
humidity of the summer weather, during which these experiments were 
performed, made it impossible for this open type of machine to be operated 
under ordinary conditions, it was mouuted over a large electnc heater, which 
thoroughly dried both it and the surrounding air The machine could be 
turned rapidly by means of a small motor. This enabled us to get a potential 
difference between point and plate when 2 cm. apart of over 20,000 volts 

The air or oxygen was dned by passing first through a calcium chloride 
tower, then through sulphuno acid, and finally through cotton wool. In 
addition, a dish of HjS0 4 was required within the vessel V, when perfect 
dryness was desired. 

The points used were made of various metals (mentioned elsowhem) by 
filing as finely as possible with a revolving machine file, except m the case of 
steel, when ordinary needles of sizes 10, 8, and & were used 



Fig 10 represents a diagram of the general connections:— 

A is the drying apparatus. 

B is the vessel V of fig. 9 
C is the Wimshurst maohine. 

D is a Kelvin electrostatic voltmeter measuring up to 20,000 volte. 
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E is the air tank and pump—or else a gasometer for oxygen. 

F is the electric heater 

G is the motoi 

For the experiments using air under pressure, a specially air-tight cylinder 
and a mercury gauge were substituted for the vessel V In this case the 
cylinder is 20 5 cm long and 115 cm m diameter The plate used ib the 
same as A, which is the plate used before The point and plate are supported 
and insulated m a similar manner to the former apparatus, but in this case 
the metal holders have to he waxed where they fit the insulating plugs, other¬ 
wise the vessel would leak under pressure The distance between the point 
and plane was adjusted by means of a metal sleeve 

B Method* and Conditions —Metals used —The deposit can be produced 
on various metals The following list will give an idea of the relative 
amounts obtained on the more common metals when discharging as anode *— 

(I) Aluminium, (2) zinc, (.3) steel, (4) cadmium—gave the largest deposits 
in order 

(5) Tm, (6) magnesium, (7) silvei, (8) brass, (9) copper—gave medium to 
very small deposits 

(10) Platinum—gave fine tarnish aftei 40 minutes’ treatment 

(II) Lead, (12) nickel, (13) palladium—probably no deposit, but doubtful 

(14) Gold—no deposit 

In the oase nt the first five metals of the above list it was found that the 
points always gave a much larger quantity of deposit when they were 
positive electrodes than when negative The quantities formed on the 
remaining metals were so small that, with one exception, it was impossible 
to form a comparison The exception was silvei, where the granular deposit 
appeared appreciably only when the electrode was discharging negatively, 
and the thm-film deposit only when discharging positively The deposit 
formed on any of the negative electrodes was always more evenly distributed 
over the point, it appeared, also, to be m a more finely divided state It was 
noticed that the potential difference for a given distance was always less 
(from 5 to 40 per oent, according to point) for negative discharge than for 
positive The shape of the two glows also differed considerably, and the 
positive was brighter at the surfaoe of the metal 

Effect of Distance and Potential—Throughout the work the supply of 
eurxent was kept about the same, hence the potentials always varied with the 
distance used, and it is therefore necessary to discuss the two together. Their 
effect on the amount of deposit u a considerable one, the table below gives 
the average results of several observations for each distance 
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Distance* 

Avenge 

potentials 

Amount of 
deposit* 


em 

volts 


Using steel point* 

0 1 

200 

Small 

0 2 

2,000 



O'fi 

8,000 

tt 


1 s 

8,800 

Medium 


2*0 

8 *0 

10,300 

P 

23 £- 

i 

5 *0 

18,000 

Small 

thing aluminium point* , 

1 

0 6 

4,800 

i * 

1 -o 

6,400 

it 

1 

2*0 

11,000 

Very large 


2 5 

8*0 

18,000 

16,000 

Urge 

Medium 


(The first three results were affected by sparking, which always renders the 
reading ol the potential difficult, owing to the erratic jumping of the voltmeter 
It also blows away the deposit from the point) 

Fresh points were used each time, for we found that the number of times 
a needle has been used has an important effect on the amount of deposit 
produced. 

It will be seen from the table that for both aluminium and steel the 
distance for maximum deposit is 2 cm. This distance also gave the best 
deposit for zinc. 

Classification of Effects—In regard to these various influences on the 
production of deposits, we can classify them as having effects of the “ First” 
or “ Second Order." The sign of the current and the distance have effects of 
the first order, but time, within certain limits given below, has an effect of 
the second order 

The shape of the needle has a close connection with the potential We 
found that very sharp points considerably increased die deposit, and blunt 
points developed only very small growths, but for various degrees of sharp* 
ness within these extremes there was not very much variation The effect 
most, however, be classed as one of the first order. 

The time of discharge is not, as might be supposed, a very important factor. 
For the first 10 minutes when the deposit is commencing to form, the amount 
increases perceptibly with the time, and up to this period time may be called 
a faotor of the first order, but after the first 15 minutes the deposit grows 
so very slowly that for all periods of increase less than half an hour one may 
say that tune is a factor of the second order. This statement refers only to 
cases when the ordinary air is used. 

The number of tunes a needle has been used has an effect an toe amount 
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of deposit whioh is often of the tint order. If a needle has been need very 
often, the deposit is much slower in growth, and consequently in a given 
tune we get less deposit than with a new needle, but, on the other hand, 
there seems to be an increased tendency to grow, because with points that 
have been frequently used we get the deposit continuing to form m the open 
air after the dischaige has ceased This apparently contradictory condition 
may be explained as follows —Upon close observation of many pomtB, it was 
found that the electric discharge had a very strong disintegrating, or we 
might say “ deforming,” effect on sharp points (see fig 11) There is a con- 



Fio 11 —Magnified Needle Points before and after a Short and Long Discharge. 

Biderable blunting of the point, and, m some cases, a small crater is actually 
produced at the extremity This can be observed m metals not producing 
deposits, as gold We can therefore deduoe—(1) that the deposit is actually 
decreased because the point is blunted, but (2) that the real tendency of 
contmual usage is to make a given part of a surface which remains unaltered 
in shape more capable of producing deposit instead ef less, as the observation 
at first sight suggested We should really expect this to be tho case, because 
another action of the current is to slightly roughen the surface, hence there 
is more surface exposed and we should have more deposit In all these cases 
of continued usage the needle has, of course, been repeatedly cleaned 

Long enough usage of almost any shape of discharging terminal will 
ultimately tarnuh the surface. Wire ends, sparking points of induction coils, 
and even the brass plates, all exhibit a considerable tarnish of the same 
nature as our deposit, provided the time of actual use can be measured in 
hours and days. 

The question of the influence of the amount of moisture in the air is the 
most important determination of alL 

So far the results were obtained by using the ordinary air of the laboratory. 
When the discharge was performed through t air saturated with steam, wo 
found that the amount of deposit was greatly augmented. The potential was, 
of course, greatly diminished for any given distance. It wae also noticed that 
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the damp days were the most favourable for the production of huge forma- 
turns, especially of the icicle variety. 

Using different degrees of dry air, we found that the amount of deposit 
varied accordingly, and, finally, if extreme precautions were taken for the 
use of ob dry air as possible, there is complete absence of deposit In order 
to obtain this dryness it was necessary to place a large dish of H 1 SO 4 in the 
apparatus, and to pass dry air through the vessel for at least 25 minutes 
previous to discharging This condition holds also for pure dry oxygen, 
which is a much more powerful deposit producer than air The use of 
calcium chloride bulbs is not sufficient alone 

Decrease of humidity perceptibly decreases the deposit, but when we 
approach absolute dryness there is a sudden jump from a considerable 
amount of deposit to no deposit. It was found that we could repeatedly 
eliminate the deposit in perfectly dry air or oxygen, but if the leaBt possible 
trace of moisture was introduced thiough the exit tube I by a very slight puff 
of damp air at the beginning of the discharge without stopping the flow of 
dry air, there was obtained an amount of deposit which was, in every oase, 
at least half of the maximum amount obtainable with steam. This result 
shows that moisture must act as a catalytic agent in the production of these 
formations, and the fact that the addition of a minute trace of moisture to 
dry air raises the amount of deposit from zero to between 50 and 80 per cent, 
of its maximum value suggests that although aqueous vapour is necessary to 
start the formation, it is not necessary for the continuation of its growth when 
once started, but if present it will certainly accelerate the growth by forming 
fresh nuclei of action and thus extend the surface attacked. 

Carbon dioxide does not apparently have any influence on the formation 
of deposit It was found that there was no difference between usiug 
jwfectly dry air containing CO* and perfectly dry pure oxygen 

The use of moist oxygen gave the largest deposits obtained for every 
metal The “ moist" oxygen or “ moist ” air was obtained by allowing the 
gas to bubble through dean water before entering the apparatus It was 
found that almost dry oxygen gave a huger deposit than air under ordinary 
conditions. Moist oxygen increased the amount over that obtained with 
moist air by about 60 per cent. 

By first allowing a spaik discharge for a few minutes and then inserting 
the point, the presence of an appreciable amount of ozone wae insured. 
This had the effect of slightly diminishing the deposit We do not, however 
consider this as a proof that ozone is a deterrent in the formation of deposit 
because m order to insure the non-esoape of ozone it wae necessary to dose 
the apparatus and thus lessen the amount of available moisture and oxygen. 
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It was found that a faint glow was the most suitable kind of discharge 
If sparks crossed, the deposit was largely blown away If a smaller brass 
plate or if rings were used for the opposite electrode, the discharging surface 
was lessened and the deposit decreased 

It was found that the mechanical circulation of new air or oxygen around 
the point greatly increased the deposit The air was blown on to tbe point 
with different velocities It was evident that the faster the motion of the 
air the greater the deposit, this fact held till the draught of air was strong 
enough to displace particles clinging to the point. In these experiments 
time was not of the second order in effect until the growth had continued 
for at least an houi The best results we always obtained by arranging that 
the current of air was at nght angles to the electric current. 

In regard to the liquid core of icicle formations, we found that there was 
an equilibrium point between the quantity of fluid m the tube and the 
immediately surrounding air If fresh supplies of air were rapidly brought 
into contact with the icicle while it was being observed under the microscope, 
the fluid rose in the tube, if moist air was used it rose and expanded into 
the large bubble described before If dry an was directed on to the 
formation, the fluid receded and left behind the dry tube extended and 
enlarged The phenomenon may be one of condensation and evaporation 
through the thin surface film 

By keeping moist air blowing very strongly on a platinum point while 
discharging for moie than forty minutes, we were able to obtain a fault black 
tarnish, showing that even this comparatively inert metal is influenced by 
the electric discharge 

We made a large number of observations on the effect of pressure, but 
were unable to obtain very definite resultB. 

At first sight these results appeared more contradictory than they really 
were. An examination of our observations shows that the following 
conclusions may be drawn — 

1 With new and consequently very sharp points, pressure increases the 
deposit 

2 With points that are not new and which have, consequently, their 
surfaces affected and their points blunted, increase of pressure decreases the 
deposit. 

3 for ranges of pressure less than one atmosphere, the effect of change of 
pressure is of the second order and may act in either direction aoeording to 
the condition of the point 

It was found that the smooth formation coaid generally be produced by 
placing a point coated with icicle formations in very moist air, or better, in 
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moist oxygen, and discharging at a shorter distance than usual. The icicles 
are apparently broken down into the granular formation, and the fluid 
adheres in spheroidal drops These may again grow icicles. 

Points coated with tap-grease yielded a small but veiy compact deposit. 
The insulating grease is evidently easily pierced. 

, Conclusions 

With the possible exception of platinum, in which case the formation may 
be platinum black, we think it safe to assume that the deposits are the 
oxides of the metals This is supported by the fact that the growth is much 
greater when the point is positive than when negative In regard to this 
circumstance, Prof Zeleny says, in his paper, the reason why the oxide forma 
so much more readily during the positive discharge than it does during the 
negative may be that in this case negative ions of oxygen are earned from 
the surrounding air to the metal surface, and forming as they do the negative 
parts of the iron oxide molecules, they unite more readily with the iron than 
do the positive ions which are earned to the metal surface during the 
negative dischaige. 

Since it seems certain, from our experiments, that moisture is essential to 
the production of the deposits, it appears probable that in comparatively dry 
air the negative ions possess greater aptitude for collecting water vapour 
than do positive ions, just as in the case of a supersaturated atmosphere 

The appearance of the icicle or tubular deposit, which appears to be the 
beginning of the more permanent deposit on the point, looks as though it 
formed around a minute droplet of water, probably hydrogen peroxide 
Each droplet is probably formed by the coalescing of the moisture condensed 
around several oxygen ions As soon as this wets the metal surface, a nug 
of oxide is formed and appears to be drawn by surface tension, in a thin 
film, around the drop. As the film thickens it builds up from the base 
a hard compact tube, leaving the surface film stretched across the end. 
This film separates the liquid from its vapour and appears to permit the 
passage of the vapour Hence in a dry atmosphere the liquid rapidly 
evaporates and leaves the tube hard and compact, in an atmosphere 
containing on appreciable amount of water vapour it remains m equilibrium; 
while m a moist atmosphere the vapour is condensed through the film and 
the volume of liquid increased. Thus, as we have already descnbed.’when 
a tube is blown upon under the microsoope with very moist air, the liquid 
appears to nse and swell out the end in the form of a bubble that may 
burst the film coating When dry air is used to blow over the tube, the 
liquid appears to recede into the bone-like tube and disappear altogether. 
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The air m our laboratory is fairly mout m summer, with a humidity 
ranging from 60 to 90 per cent, which was the case when these measure* 
ments were made. Bence, it was fairly easy to examine the rising and falling 
of the liquid core of the tubes under tbe microscope. In winter, however, the 
humidity of our heated laboratory is low, ranging from 3 to 20 per cent, 
depending on the outside air temperature* Hence, at this time, any 
tubular forms that are produced in our apparatus with added moisture dry 
up before they can be removed to the microscope, only the dned-up hollow 
tube being observed. If the droplet is increased when the Bides have 
hardened we get an extension of the surface which slowly hardens after 
the manner of the natural water lciole Hence, tubes will grow by them* 
selves on points removed from the discharging chamber if the atmosphere 
is very damp 

If the droplet does not grow, the hardening of the surface produces the 
smooth formation In regard to the order of development of these different 
deposits, we can regard the tubes or icicles and smooth formations as first 
produced. The mechanical agitation of the air by the discharge will break 
most of the more delicate tubes immediately they are formed into the 
common and irregular granular deposit. 

How far oxygen becomes occluded in the metal under electric pressure is 
uncertain, but it looks as though it might be m considerable quantities, and 
thus accelerate the growth of deposits after the discharge ceases The 
influence of moisture is very marked on the potential required to start a 
spark, as observed by J .T Thomson, who describes a dry gas as being m an 
unstable state as far os many of its electrical properties are concerned. On 
the application of a potential greater than is required to start the spark, the 
“ lag ” in a perfectly dry gas is very much greater than in one containing 
only a trace of moisture Hence the moisture acts as a kind of lubricant, 
either as a surface effect or in hastening the ionisation of the medium. 

In oonoluBion, we add a note kindly supplied by Prof Zeleny, to whom we 
submitted the manuscript The work is closely connected with the valuable 
study Prof Zeleny has been making of Point Discharge, and we are especially 
gratified to be allowed to inolude his views here 

Note by John Zeleny, Professor of Physios, University of Minnesota, 

Minneapolis 

The fact that the presenoe of water is always necessary for the formation 
of oxides has been explained by supposing that the chemical union can take 

* Compare "Deficient Humidity ot the Atmoapbere," by T A. Starkey and 
H. T Barney * Boy Soo, Can. Trans.,’ (8), vol 18, p. 803,1909. 
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place only in the presence of an electrolyte The contact of the two 
elements with the water introduces ions of both into the liquid, where they 
unite to form the oxide The results of Prof Barnes and Mr Shaw show 
that water is likewise essential to the formation of these deposits (evidently 
oxides) on discharging points The difference m this case is that the oxygen 
comes to the metal in the ionic state, and since no union takes place when 
dry gas is used, we may conclude that both the oxygen and the metal must 
be in the form of ions before the two can unite chemioally 

It is very probable, as the authors assume, that most of the water is 
earned to the positive points by the ions themselveB In measunng the 
velocities of the ions which are produced by Kontgen rays, I found that 
while the values obtained for the positive ions m air and oxygen were 
practically the same whether the gases were dry or moist, the velocities 
of the negative ions were considerably smaller when the gases were moist 
This indicates that the negative ions become larger m the moist gases by 
attracting to themselves one or more molecules of water A simple calcula¬ 
tion shows that the accumulation of this water on the point is sufficient to 
aocount for the observed drops of liquid. 

The existence of drops of liquid on the discharge point indicates that the 
average temperature there is not as high as the luminosity present in the 
adjacent gas might loud us to expect An attempt was made to determine 
the nse in temperature of a point dunng discharge by using a compound 
dischaige point made of two sharply-pomted wires of dissimilar metals held 
in contact at an acute angle at their very tips The wires were included ui 
a galvanometer circuit so that the oompound point formed one of the 
junctions of a thermo-electnc cneiut, which was grounded near the point to 
prevent the discharge current from affecting the galvanometer The 
discharge from the point was induced by a charged plate placed opposite to 
it. The observed rise ui temperature was 10° C for a discharge current of 
about 10~ 6 ampere The actual nso m temperature at the discharging 
surface itself must be considerably greater than that observed, for the heat 
has to be conducted from the discharging surface to the surface of contact 
of the two metals, and the loss to the laiger metal parts back of the point 
must be a large one 
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On the Effect of Temperature on Ionisation, 

By J A Ckowthkb, M.A, Mockinnon Student of the Boyel Society, 
Fellow of St John’s College, Cambridge 

(Communicated by Prof Sir J J Thomson, F R.S Received Apnl 1,— 

Read Apnl 29, 1909 ) 

The effect of temperature on the ionisation produced m a gas by Rontgen 
lays was first investigated by Perrin* who, using air, concluded that the 
total ionisation m a gas was independent of the temperature if the pressure 
was kept constant McClung,f however, who repeated theBe experiments 
later with air, carbon dioxide, and hydrogen, found that the ionisation in 
a gas was independent of the temperature if the density of the gas is kept 
constant, that is, if it is heated at constant volume 
Although no source of error could be indicated in Perrin’s work, there was 
little doubt that the later experiments of McClung were correct, and that 
between the limits of his experiments (15° C to 272° C ), and for the gases 
used, the ionisation produced by Rontgen rays was independent of the 
temperature when the gas was kept at constant density 
It is well known that the ionisation produced by rays of given intensity 
in certain gases and vapours, for example methyl iodide, ethyl bromide, or 
carbon tetrachloride, is muoh greater than that m air, or carbon dioxide. The 
present investigation was made to discover— 

(i) If the effect of temperature on the ionisation produced m these gases 
and vapours was the same as for air 

(u) If cooling down air to a temperature near its condensation point 
caused any appreciable alteration in the ionisation produced in it by rays of 
given intensity. 

As it is almost impossible to clean out completely a vessel whioh has once 
contained organic vapours, the seoond experiment was performed first 
In order to perform the experiments at low temperatures, the ionisation 
chamber had to be constructed so that it could easily be inserted in an 
ordinary Dewar tube. Its dimensions, therefore, were kept quite small At 
the same time it was necessary that the insulations should be sufficiently far 
from the liquid air to enable them to be kept practioally at the temperature 
of the room. Any considerable fall in temperature of the insulationa 
invariably led to the deposition of moisture upon them, and a consequent 

* 4 Annalss ds Chun, et de Phys.,’ [7], vol 11, p. 490,1897. 

+ MoClung, ‘Phil Mag,' [ 0 ], vol 7, p. 81,1904. 



852 Mr J. A. Crowther. [Apr. 1, 

breakdown of their insulating properties The form finally decided upon is 
shown m the figure. 



The body of the ionisation chamber A is a brass tube 10 cm. long and 
3 cm in diameter. The electrode q, which is to be connected to the 
electroscope, is a small aluminium plate 2J x 1 cm, surrounded by an 
earthed guard ring and insulated with quarts The high-potential electrode 
is a larger aluminium plate, placed parallel to q, and about 1 cm from it 
The electrodes pass out through two brass tubes each 8 cm long M is a 
heavy brass plate which serves the double purpose of maintaining the 
insulations at an equable temperature, and of acting as a support to the 
can A. When A is in liquid air, M can be kept warm by small hearing 
spirals, and during the heating experiments it can be kept cool by ice. As 
the insulations are thus shielded from temperature changes, the junctions 
here can be made air-tiglit with sealing wax. 

The Brtntgen rays enter the ohamber A by a circular hole a, 5 mm. in 
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diameter, closed with very thm copper foil. As A is intended to be heated 
up, it is obviously impracticable to have a sealing wax joint at a. By 
substituting copper for aluminium os the material of the window, it ib 
possible to make the joint air-tight by soldering. The electrode q is 
sufficiently far from the window a for all the soft secondary rays emitted 
by the lattei to be absorbed by the gas before reaching it, on account of the 
thinness of the foil used the penetrating secondary rays were not sufficient 
in quantity to have any appreciable effect on the ionisation. The vessel A is 
adjusted with respect to the X-ray bulb, so that the rays pass through the 
chamber without striking the electrodes This adjustment is mode by the 
use of a fluorescent screen before soldering on the bottom of the vessel, and 
the absence of any soft secondary radiation is tested for by drawing the 
ionisation-pressure curve for the vessel 

In a temperature chamber intended for work with gases at constant 
density, it is necessary to ensure that practically the whole of the gas shall 
be at the Bamo temperature, otherwise, since the pressure is the same 
throughout, there will be a transference of gas from the hotter to the colder 
parts of the vessel, and the density of the gas between the electrodes will 
change For this reason the chamber A was cut off from the gauges when 
readings were being made. For the same reason the tubes through which 
the electrodes pass out of the ohamber were mode os narrow as possible, 
about 4 mm internal diameter In this way the volume of gas under 
experiment not actually within the heating furnace did not exceed 3 percent 
of the whole 

In order to eliminate the effects of any alteration in the intensity or 
hardness of the rays, and also in order to be able to detect with more 
certainty any small alteration in the ionisation m A, a “ balance ” method 
was used The standard chamber S was of the usual flat box type in whioh 
the case fonnB the high-potential electrode, the other electrode consisting of 
on aluminium leaf Btretohed over a wire nng. The flat sides of the ohamber 
are of aluminium foil to allow of the entrance of the beam of rays. The 
insulation, as in the other chamber, was of quartz. The two chambers were 
connected to the same electroscope, and their high-potential electrodes were 
charged, by small storage cells, to equal and opposite potentials The 
ionisation currents were, therefore, m opposite directions in the two 
chambers. 

It is well known that the relative amounts of ionisation produced by 
Rontgen rays in different gases vary with the nature of the rays. In order 
to avoid, as far as possible, any disturbance in the balanoe between the two 
chambers, due to alterations in the hardness of the rays, the standard 
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chamber S was always filled with the gas which was under observation at 
the time in the chamber A In making an experiment, the two chambers 
were filled with gas from the same source to some suitable pressure, and the 
tap connecting A to the reservoir was then closed The chamber A then 
contained a definite mass of gas, which remained the same throughout the 
experiment The pressure in 3 was then altered until the magnitude of the 
current through the two chambers, when the rays were passing, was the 
same, as shown by the leaf of the electroscope remaining stationary The 
temperature of A was then altered, and a balance again obtained With air 
in the chambers it was found quite possible to balance to within 3 per cent, 
of the total ionisation m the chamber, with ethyl bromide and methyl 
iodide, which were subsequently employed, an even greater degree of accuracy 
could be obtained Quite a small change m the ionisation m A, due to 
alteration of temperature, should, therefore, have been perceptible 

KvpenmnUs on Avr 

The two ionisation chambers were pumped out repeatedly by means of a 
water pump, and filled with air whioh had been freed from carbon dioxide 
and water vapour by passing first through tubes containing caustic potash 
and calcium chloride, then through a long tube filled with a mixture of 
phosphorous pentoxide and asbestos (the asbestos being used to prevent the 
pentoxide from caking, and clogging the tube), and finally through a plug of 
glass wool The vessel A was closed, and a balance obtained by altering the 
pressure in S A Dewax tube filled with liquid air was then brought 
underneath A and gradually raised until the level of the liquid air was just 
below the upper rim of the vessel Violent ebullition at first took place, but 
after a few minutes a steady state was reached On again turning on the 
Hontgen rays it was found that the balance was quite undisturbed, the 
ionisation in A being apparently unaffected by cooling it down in liquid air. 
A change of as much as 3 per cent, m the ionisation would have been quite 
appreciable, but no such change was discovered 

The experiment was repeated many tunes, but always with the «»"i« 
result. In some of the experiments a capillary gauge of fine bore was 
connected to the vessel A so that the pressure in A could be read at any 
stage in the experiment When the liquid air was applied the pressure 
fell rapidly at first, but finally became stationary at about 470 mm of 
mercury, indicating a mean temperature for the air in A of below —170°. 
The conduction of heat along the metal tubes leading from the vessel wse 
probably sufficient to prevent the air in it from falling quite to the tern* 
perature of the liquid air. As mentioned before, the electrodes were kept 
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warm by small heating coils wound round the tubes. The flow of heat 
along the tubes was therefore considerable. 

Taken in conjunction with the experiments of McClung, these experiments 
may be regarded as showing that between the limits —170° G and +273° C 
the ionisation produced by Rontgen rays in a given volume of air at constant 
density is independent of the temperature of the gas 

Experiments mi Vapours 

The experiments on vapours were made not by lowering but by raising the 
temperature of the ionisation chamber A For thu purpose a small electno 
furnace was wound round the outside of A, a thermometer being inserted 
between the furnace and the walls of A to indicate the temperature A 
very convenient method of making an electric heater for a purpose such 
as this is to thread a German silver wire through an asbestos tube and wind 
the two evenly round the outside of the vessel A few layers of asbestos 
cloth are wrapped round the outside, and the lower end of the can is covered 
with a packing of loose asbestos. The upper end, with the window a, has, 
of course, to be left uncovered m order to admit the beam of Rontgen rays 
With this device there is no danger of the different turns of wire slipping, 
when they expand on heating, and so causing short circuits in the furnace; 
while, on the other hand, when repairs or alterations have to be made in 
the chamber A the whole furnace can be taken to pieces and rewound in a 
few minutes 

Methyl iodide and ethyl bromide were selected for experiment, these two 
vapours differing widely in their beliaviour under the action of Rontgen rays 
both from air and from each other. It may be mentioned in passing that 
at high temperatures both these substances pass readily through indiarubber 
The connection between the vessel A and the gauges was therefore made by 
slipping a slightly wider gloss tube over the brass exit tube of A, the joint 
being rendered air-tight with sealing wax The whole of the apparatus for 
passing the vapours into the vessels and for measuring their pressure was 
of glass. 

Several observations were made with each of the two chosen vapours 
They all presented precisely similar features. A sample set of readings for 
each substance is given m the appended table 

As a balance method was employed, the leadings in the columns headed 
“ Ionisation ” give the pressure m S of ethyl bromide or methyl iodide, as the 
case may be, necessary to balanoe the ionisation current through the same 
substance m A at the stated temperatures. 

It will be noticed that m both series of observations given in the table, 
VOL. lxxxii.— a. 2 B 
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and in fact m every series made with these vapours, there is an initial vise 
in the ionisation in the chamber A on first raising the temperature. At • 
temperature of about 70° this increase ceases, and the ionisation in A 
remains constant within the limits of experimental error up to the highest 
temperatures reached 

Table 


Ethyl bromide 

Pressure, 146 mm 

Methyl iodide 

Pressure, 110 mm 

Temperature 

Ionisation 

Temperature 

Ionisation 

14° 

62*0 

16° 

61 7 

80 

70 2 

72 

67-o 

186 

70*0 

108 

67 6 

178 

70*0 

146 

67-0 

184 

70 4 

184 

67 S 


This initial increase in ionisation is not of the some magnitude in different 
senes of experiments made with the same vapour It varies, in fact, with 
the length of tune dunng which the vapour has been standing in the 
chamber before the readings commence Thus, in a set of readmgs in which 
ethyl bromide was admitted into the chamber A less than an hour before 
the'readings began, the ionisation on first heating increased from 70 to 75, 
remaining constant at the latter value when the temperature was still further 
increased In the experiments recorded m the table, the chamber had been 
filled with ethyl bromide vapour overnight, and the initial increase is 
proportionately much bigger 

These results, and the fact that from a temperature of about 70° upwards 
the ionisation at constant density is independent of the temperature, show 
that this initial increase in ionisation is not a genuine alteration in the 
ionising power of the rays with alteration in temperature. It must, in fact, 
be ascribed to the vapour whioh condenses on the walls of the chamber at 
ordinary temperatures being driven off as the temperature is raised, and so 
increasing the effective amount of gas in the chamber. 

It is easy to show that very appreciable amounts of vapour are so 
condensed, even when the vapour is considerably removed from its satura¬ 
tion point Thus in one experiment, when the vessel was filled with ethyl 
bromide and allowed to stand, the pleasure fell from 260 mm. of mercury 
to 258 mm in the first half hour, and finally, after standing all night, to 
214 mm When methyl iodide vapour was similarly left to stand in dm 
vessel overnight the pressure fell from 215 mm. of mercury to 181 mm. 



1909.] On the Effect of Temperature on lomscUton 357 

* 

It will be seen that these effects are of the same order of magnitude as 
the initial increase in ionisation on heating the chamber A There can be 
little doubt, therefore, that this initial increase is due to the vapour being 
given off from the walls of the vessel as the temperature is raised 

We must conclude, therefore, that for the very unusable vapours such as 
ethyl bromide and methyl iodide, as well as for air, the ionisation by 
Bontgen rays, when the density of the gas remains constant, is independent 
of the temperature of the gas. 


The ionisation produced by Bbntgen rays has been measured in air at the 
temperature of liquid air, and m ethyl bromide and methyl iodide at various 
temperatures up to 184° 0. It was found that in every case the amount of 
ionisation produced was independent of the temperature of the gas, if the 
density of the gas remained constant 

I have much pleasure, in conclusion, in expressing my best thanks to 
Prof Sir J J Thomson for his constant and kindly interest throughout the 
course of the present experiments 


2 B 2 
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Bead April 29, 1909) 

In a paper published in the ' Philosophical Magazine,’* the writer has 
described some experiments carried out with the secondary y-rays emitted by 
various substances exposed to the primary 7 -rays of radium It was found 
that the secondary rays are, on the whole, softer than the primary, thus, for 
example, the coefficient of absorption of lead for the secondary rays from 
zinc was found to be about six times that obtained for the primary rays It 
was thought, therefore, that the ionisation of gases by secondary y-rays would 
probably differ in many features from that obtained with the primary rays 
A set of measurements on the ionisation produced in various gases by 
secondary y-rays was accordingly undertaken. No experiments, as far as 
the writer is aware, have yet been made on this subject 



Fw. 1 


Fig 1 is a diagram of the apparatus used in these experiments A is a 
cylindrical ionisation chamber of brass, 17 cm. high sad 12 5 cm. in diameter, 
the walls of the chamber being about 3 mm. thick. B is a glass tube 
(surrounded by lead sheeting 2 mm. thick), which contained about 80 milli- 

* p. 937, May, IMS 
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grammes of radium bromide The chamber A was approximately screened 
from the radium by the lead block C, 5 5 cm. thick The y-radiation from 
the radium fell in part on the radiator I), which consequently became a 
source of secondary 7 -rays. Some of the secondary rays traversed the 
chamber A, ionising the gas it contained 

The radiator D was held in position by means of an arrangement shown 
in fig 2 It consisted of three fixed blocks of wood provided with slits, 
whose width was slightly greater than the thickness of the radiator The 
radiator was held to one of the Bides of each slit by means of a wedge The 
radiator therefore always occupied its previous 
position if removed and again replaced. 

The chamber A and the glass flask £, which 
were connected with one another by a rubber 
tube, oould be exhausted to a pressure of about 
0 5 cm of mercury by means of a Fleuss pump 
The pressure in the chambers was indicated by 
a mercury pressure gauge F 

The part a, b, c, d of the apparatus was used to 
introduce the vapour of a liquid into the chamber 
This was done by first closing the tap b and opening the tap a, and exhausting 
the ohamber down to as low a pressure as it was possible to obtain with the 
pump, and then closing the tap e Some of the liquid to be used was then 
poured into the funnel d, and by opening the tap b part of the liquid was 
allowed to run into the bulb c Evaporation of the liquid into the chamber 
then took place, and was allowed to go on until some convenient pressure of 
the vapour was reached, the tap a being then closed The residual air m the 
chamber A (which could not be removed by the pump) was swept by the 
vapour into the ohamber E 

G is an ionisation chamber 111 which the air was ionised by a layer of 
uranium oxide The electrode of this ohamber was connected with that of 
the ohamber A, and its leak used to compensate in part for that in the latter 
chamber, by keeping the chambers at potentials of opposite sign The 
apparent leak was kept by means of this arrangement down to a workable 
amount. The ohamber A was connected to a positive potential of 200 volts, 
while the ohamber G was connected to a negative potential of 200 volts 

The ionisation per second due to the secondary 7 -taye from the radiator D 
was obtained by measuring the leak with and without the radiator, the 
difference between the leaks giving the ionisation in tbe chamber A due to 
the secondary 7 -rays. The leak per second was in each case obtained by 
observing the tune it took to obtain approximately a given convenient 
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deflection of the electrometer needle, the current being then broken and the fint 
and second swing of the needle read The position of rest of the needle was 
then calculated by a simple formula given by the writer * By using approxi¬ 
mately equal deflections, the error due to change of capacity of the electro¬ 
meter with the deflection of needle was avoided Moreover, the loss of leak 
due to leakage over insulation, etc., was eliminated in this case when the 
difference between the leaks with and without the radiator was taken ,t this 
loss was, however, comparatively small in these experiments 

Imitation and Pretture. 

The ionisations in different gases oan only be compared with one another 
if the ionisation in each case is proportional to the pressure, the ionisation 
being then proportional to the intensity of the ionising agent This is 
realised if only a small fraction of the energy of the ionising agent is absorbed 
by the gas, for then the ionisation is proportional to the mass of the gas, and 
consequently proportional to the pressure It has been shown by several 
observers that the ionisation in a gas by the 7 -rays of radium and the / 9 -rays 
of uranium is in each case proportional to the pressure up to pressures 
greater than those necessary to determine the ionisation with accuracy^ 
Since the penetrating power of the secondary 7 -rays is greater than that of 
the / 9 -rays, and the percentage absorption therefore smaller in the former 
than in the latter case, this should also be true for the former rayB It was 
thought better, however, to make some experiments to test this point, since it 
was not known to what extent the radiation from the walls of the vessel 
affected the ionisation 

The gases used m these experiments were air and ethyl bromide The 
ionisations obtained with different pressures are plotted against the pressures 
in fig 3 It will be seen that two approximately straight lines are obtained 
which paBS through the origin. The ionisation is therefore proportional to 
the pressure between the limits of pressure used The density of the ethyl 
bromide vapour for the largest pressure nsed was greater than the density of 
any of the gases m the determination of the ionisations, and therefore the 
fraction of the energy of the ionising agent absorbed was greater than it was 
in any cose m the latter experiments. It was therefore thought unnecessary 
to make any further experiments with different gases in order to show that 
the ionisation varied as tbe pressure in each case 

* ' PUL Mag.,’ p. 870, October, 1906 
+ See 'PUL Magp. 649, May, 1906 
X Strutt, 'Phil TrancV A, voL 196, p. 607,1901, etc 
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Nature and Causes of Iomsation m the Chamber 

The ionisation m the chamber was partly caused by the penetrating 
cathode radiation given off by the walls of the chamber under the action of 
the 7 -ray 8 This is objectionable , but it seemed unavoidable The method 
that has been used m the case of X-rayB in confining the beam of rays to 
the centre of the chamber so that it touches the walls only where it enters 
and leaves did not appear practicable in tins case And this for two reasons 
firstly, it is impossible to obtain a well-defined beam of 7 -rays by means of 
a metal stop, on account of the great penetrating power of the rays, and 
also on account of the necessarily large surface of the aperture becoming a 
source of secondary 7 -mdiation ;* secondly, the gas itself, under the influence 
of the 7 -rays, gives off penetrating cathode rays which would cross the 
soreened part of the chamber, and thus produce secondary radiation from its 
walls. A correction would therefore have to be applied as to the magnitude 
of which nothing would be known, so that nothing would be gamed by 
using Buoh an arrangement It was therefore thought better to use the 
simpler though somewhat undesirable form of apparatus described. 

The ionisation in a chamber of the form used may consist of three parts. 
One part may consist of ions ejected by the 7 -rayB from the gas molecules 
with a velooity which is so small that they are unable to produce any 
further ions themselves. One of the other parts we know consists of 10 ns 
maHft by the secondary cathode rays from the walls of the chamber, and the 
third part of ions made by the cathode rays of high velocity ejected from the 
gas molecules- The first of these parts is proportional to the mass of the 
gas and therefore proportional to the pressure, arid this is also true for 

* This secondary radiation further eompUoates matters on sooount of its nature not 
bang the same aa that of the primary; the larger part produoed would outer the 
chamber because it is initially projected in the direction of the exciting rays. 
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the second part, since the ionisation of a gas by /9-rays has bean shown to 
be proportional to the pressure Since the number of electrons ejected front 
the gas is proportional to the pressure, and the number of ions each 
produces proportional to the pressure, the third part is proportional to the 
square of the pressure. The ionisation in the chamber may, therefore, be 
written (A+B)p+Cp*, where p denotes the pressure. 

Laby and Kaye* have shown that the ionisation in air and carbon dioxide 
ib proportional to the pressure over a wide range of pressures The term 
Gp 1 is, therefore, small within this range Experiments on the variation of 
the ionisation with pressure will, however, not give any information as to 
the relative values of A and B, since both the ionisation produced by the 
secondary cathode radiation from the walls of the chamber and that due to 
the ejection of slow-moving ions from the molecules of the gaB by the 
Y-rays vary as the pressure Attempts have been made to obtain an 
estimate of the amount of ionisation in a chamber which is not due to the 
radiation from the walls All these estimates depend on some calculations 
based on certain assumptions, generally involving the absorption of the 
cathode rays produced by the Y-rays. Now the y -rays produce cathode rays 
whose penetrating powers vary very considerably, and these calculations are 
therefore not satisfactory, they may easily be very considerably out In 
fact, McLennanf deduced that the ionisation in a chamber not due to the 
secondary radiation from the walls is equal to about one-half of the total 
ionisation in the ohamber, while Wilson} makes it equal to one-sixth of the 
total ionisation, it does not appear certain, therefore, that the total ionisation 
is not due entirely to the secondary radiation from the walls The writer, 
therefore, made some direct experiments to test this pout 

Several slightly different arrangements were used, each of whioh involved 
the deflection of the secondary radiation from the apparatus by means of a 
magnetic field. A diagram of the apparatus first used is shown m fig 4 
A is an ionisation ohamber on a lead block B, 5 cm thick, the ohamber 
being placed symmetrically with respect to an aperture a u the block 
Thirty milligrammes of radium were placed at C underneath the aperture. 
A magnet, whose poles measured 5 5 cm by 6 6 cm., was placed so that the 
chamber was between its poles Since the electrons produced by Y-rays 
are ejected in the direction of propagation of the rays, there was a diffuse 
pencil of /9-rays projected into the ohamber from its lower side If the 
ionisation is produced by the /9-rays from the walls of the chamber, the 

* * PhiL Hagp 870, Deoember, 1908. 

t • Phil Hag., 1 December, 1907. 

} ‘ Phil Hag.,’ p. 818, January, 1900. 
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ionisation ought to be principally due to (hie beam, and should therefore 
decrease considerably when a strong magnetic field is applied It was found, 
however, that a magnetic field produoes little change m the amount of 
ionisation. Thus, in a particular oase, the ionisation in a sheet lead chamber 
5 5 cm. high, 5 5 cm. broad, and 7 5 cm long, was 1895 m arbitrary units. 
When a field of over 2000 units was applied, which was sufficient to bend 
the rays having the same velocity as the penetrating /9-rays from radium 
into a circle of radius less than 8 mm, the ionisation ourrent decreased to 
1645, or about 12 per cent. When a chamber 7 cm high, 4 cm long, and 
3 cm. deep was used, the current was decreased from 1560 to 1475 when the 
magnetic field was applied, or about 6 per cent If all the ionisation in the 
gas was produced by the /9-rays from the walls of the chambers, the 
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ionisation should have decreased to a greatei extent in each oase, although a 
part of the path of each ray when deflected was still contained by the 
chamber, and consequently produced ionisation 
Smoe port of the leak in this experiment was always due to the /9-rays 
from the walls of the ionisation chamber, it was thought desirable to carry 
out the experiment in a somewhat different form Fig. 5 gives a diagram 
of the apparatus used. A is a cylindrical ionisation chamber, 19 cm. long 
and 8 cm. in diameter, to which the tube ab, 6'5 cm. long and 3 5 cm in 
diameter, was co-axially attached The ohamber was placed so that the 
tube ab was between the poles of an electro-magnet The end a of the tube 
was dosed m one set of measurements by a sheet of thin aluminium leaf 
equivalent in‘mass to a layer of air 0*7 cm thick, the end b of the tube being 
closed with a metal plate o The end d of the chamber A was dosed with 
a thin sheet of sine B is a lead block, 3 cm thick, through which a circular 
hole e was drilled about 1 ora. in diameter. The axis of this hde and die 
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gloss tube c containing 30 milligrammes ot radium (which was surrounded 
by sheet lead 2 mm thick) were placed co-axully with the tube ah and the 
ionisation chamber A The ionisation in the chamber was produoed 
principally m the cone / by the 7 -rays from the radium and the secondary 
/ 9 -rays from the plate c, the secondary / 9 -rays being initially projected in 
the direction of propagation of the 7 -rays • The secondary /9-rays produoed 
in a plate are to some extent scattered by the plate, but the larger part of 
the radiation proceeds approximately m the direction of propagation of the 
7 -rays,f and the larger part of the radiation from the plate c therefore entered 
the chamber 

The measurements were earned out by first placing a lead plug mto the 
hole e of the lead block B and measuring tbe leak m the chamber This 
gave the leak in tbe chamber due to imperfect screening of the lead block B 
The leak was then measured with the plug removed. The difference between 
this leak and the former gave the ionisation m the cone / due directly to the 
7 -rays and the secondary /9-rays from the plate e A magnetic field of 
sufficient strength to bend the /9-rays from e so that they did not enter the 
chamber A was then applied, and the leak again measured. The difference 
between this leak and the first gave the leak m the cone approximately due 
to the direot action of the 7 -rays 

Whether the strength of the magnetic field was sufficient to bend the 
/9-rays from the plate c so that they do not enter the chamber A was tested 
as follows The plate c and the lead sheeting surrounding the radium was 
removed so that a pencil of /9-rays from the radium now penetrated into the 
chamber When the current used m these experiments was switched on to 
the magnet, the ionisation was decreased to about 20 per cent, of its anginal 
amount, showing that practically all the / 9 -raya were prevented from entering 
the chamber by the magnetic field 

Firstly, some measurements were made with no aluminium leaf placed at a 
It was found that using a lead plate at e 2 mm. thick, the ionisation in the 
cone / decreased 16 per cent when the current was switched on to the 
magnet, when the plate was of aluminium 3 mm. thick the decrease was 
23 per oent 

An aluminium leaf was then placed at a, the ionisation in the tube ab being 
now excluded from the leak The decrease obtained with the lead radiator 
when the magnetic field was applied was 23 per oent, and 31 per oent. with 
the aluminium radiator. 

These figures show that when the leak due to the /9-rays from the plate a 

* Bragg and Mad mu, 1 Boy 800. South Australia Trans.,’ voL 38 , January, IMS 
t Klssman, 'Boy. 800. Proc.,’ A, vol. 88,1909 
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is eliminated, there still remains a large proportion of the total leak, and 
a considerable part of the ionisation in the oone f is therefore due to the 
direct action of the 7 -rays on the gas 

Some further measurements were earned out with a slight modification of 
the foregoing experiment A diagram of the modified apparatus ib shown in 
fig 6 A is an ionisation chamber 10 5 cm long, 10 4 cm broad, and 7 cm 


deep, of which the upper and lower 
side consisted of thin, tightly stretched 
tissue paper, equivalent m mass to 
a layer of air 1 cm thick The chamber 
was placed on the poles Bi and B* of 
an electro-magnet, which were resting 
on a lead block C, 5 cm thick This 
lead block had an aperture a, 3 cm by 
3'2 cm., which was placed in a sym- 
metnoal position with respect to the 
poles of the electro-magnet and the 



ionisation chamber D is the tube 


containing the radium, placed at a dis¬ 
tance of 10 cm from the lead blook 
The electrode of the chamber consisted 
of a wire bent into the form of a 
square, so that the principal stream of 
7 -rays through the aperture did not 
impinge upon it Thl ionisation in the chamber was, as before, principally 
due to the direct ionisation of the gas by the 7 -rays and the secondary / 9 -rays 
from the plate i placed over the aperture a The plate b was of aluminium 
4 mm thick 


Fra e 


The readings were carried out in exactly the same way as in the foregoing 
experiment. The ionisation 111 the cone c decreased to about 66 per cent, of 
its original value, when a magnetic field of sufficient strength to prevent the 
/9-rays from the plate b entering the chamber was applied Pert of the 
ionisation m the cone e is thus, as obtained before, doe to the direct action 
of the 7 -rays on the gas 

It appears, then, from these experiments that the ionisation in a chamber 
is due in part to the direct action of the 7 -rays on the gee it contains. And 
Sinoe Laby and Kaye have shown that the amount of ionisation produoed 
by the secondary /9- and 7 -rsdiation from the gas is small, this ionisation 
consists of slow-moving / 8 -rays ejeoted by the 7 -rays, which have not 
efficient velocity to produoe any further ionisation themselves. The ratio 
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of tine part of the ionisation in a chamber to that produced by the radiation 
from its walls will depend on the ratio of the total inside surface of the walla 
of the chamber to its volume, and other conditions. The numbers obtained 
in the experiments just described suggeat, however, that m most cases this 
ratio will probably be greater than one-half, or the ionisation produced 
directly by the primary 7 -rays is probably in most cases greater than 60 per 
cent of the total ionisation 

The ionisation produced directly by secondary rays in an ionisation chamber 
is probably a percentage of the same order as the above of the total ionisation r 
it is more likely larger than smaller. An experiment on this point would be 
difficult to carry out It seems, however, unnecessary, aB this quantity 
depends on a number of other things besides the nature of the rays, snoh aa 
the size of chamber, etc. 


Source of Vapours and Oases 

The vapours of the liquids CHOlg, C 4 H 10 O, CS*, CCU, C»Hu, CH*l, C*H»I r 
CgHsBr were obtained by letting small quantities of these liquids evaporate 
into the ionisation chamber m the way already explained The preparations 
used were those of Kahlbaum 

Mr Jones, of the Chemical Laboratory, Cambridge, kindly supplied the 
writer with a small quantity of Ni(CO)« The compound is a liquid at 
ordinary temperature, and could therefore be dealt with in the same way as 
the above liquids. 

The compounds C»H»C1, CH*Br are in the form of irapour at the ordinary 
room temperature and atmospheric pressure, and are therefore sold m sealed 
glass flasks, in whioh they are m the liquid state under high pressure. The 
flasks to be used were put into melting toe for half an hour aud then opened, 
the pressure in each case being then less than 1 atmosphere A quantity of 
liquid from one of the flasks could be evaporated into the ohamber by con¬ 
necting it and the flask by a rubber tube These preparations were also 
those of Kahlbaum 

The gases Oj, CO*, NH* N*0 were obtained of commercial punty from 
steel cylinders containing these gases under high pressure supplied by venous 
manufacturers. 

The H« was prepared by means of a Kipp’s Apparatus, sulphuric acid and 
unc being used. It was punfied and dned by bubbling it through a solution 
of potassium and permanganate of potassium in water, and then through 
strong sulphuric acid. 

The SO* was prepared by allowing strong sulphunc acid to drop on sodium 
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sulphite, the SO* evolved being dried by passing it through strong 
sulphuric acid. 

The CsHj was prepared by allowing water to drop on commercial calcium 
carbide The gas evolved was purified by passing it through a bleaching 
solution and then through water, and then dried by passing it through a tube 
containing calcium chloride. 


Experimental Results 

The experimental results obtained with a number of gases are given m 
Table I, the ionisations being expressed in terms of air as unity Badiators 
of nine, carbon, aud lead were used The surface of each radiating plate 
measured 24 by 28 cm, and their thicknesses were respectively 0 65, 2, and 
6 5 cm Each value m the table is the mean of several determinations made 
on different days, and each determination is the mean of at least eight 
electrometer readings A fair agreement between the different determinations 
was usually obtained 

The values obtained must depend to some extent on the thickness of the 
radiator used, since the nature of the 7 -rays emitted by a radiator must 
depend to a certain extent on its thickness They must also be Bomewhat 
influenced by the shape and the si/o of the chamber The values obtained 
therefore apply more particularly to the conditions realised m these experi¬ 
ments. This should not, however, violate the general conclusions that can 
be drawn from the results, as will appear when these are discussed 

The ionisations obtained with the primary 7 -raya, the /3-rays of uranium, 
and the a-partiole from radium for a number of gases are also placed in the 
table for comparison They have been taken from a previous paper by the 
writer * The values for the «-particle, with the exception of NH* and SO* 
are due to Prof Bragg,f whose results were incorporated m the paper. 

Table II contains the results obtained with soft and hard primary X-rays 
by McClung* Strutt,§ Eve,|| and Crowther f The most recent results are 
those by Crowther The " hard rays ” used by him were obtained with the 
X-ray bulb as hard as it was possible to work with, using a Budge induction 
coil worked by a turbine meroury interrupter, while the "soft rays "were 
the softest rays that would produce an appreciable amount of ionisation 
Crowther confined his beam to the middle of the ionisation chamber so that 

* ‘ Roy Soc. ProcA, vol 79,1907 
t * Roy Soc South Australia Trans.,’ October, 1906. 
t ‘ PluL Mag[fl], voL 8 , p. 347 ,1904 
8 1 Roy Soc. Proc,’ voL 78, p. 809,1903. 

|| ‘Hul. Msg,’ ffl], vol 8 , p 610,1904. 

^ ’Carab Phil Soc Proc.,’ vol 16, Part 1, p. 38,1908 
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it touched the walla only where it entered and left the chamber, thereby 
introducing a minimum of secondary radiation from the walls The con¬ 
siderable differences between his results and those of the other observers for 
the same gases cannot be accounted for by differences in the penetrating 


Table I. 


Nunc of gM« 

Ionisation, 
by the 
primary 
*y-»y, of 
radium 

Ionisation, by eecondary y ray. 

Ionisation 
by the 
$ rays of 
uranium 

Ionisation 
b? the 
a rave of 
radium 

Secondary 
ny, from 
sine 

Secondary 
ray, from 
carbon 

Secondary 
ray, from 
lead 

Air 

1 

00 

1*00 

1 00 

1 00 

1 

00 

1 

00 

O, 

I 

16 

1 11 

1 18 

1 *07 

1 

17 

1 

16 

N,0 

» 

Ail| 

1 

56 

1 84 

— 

— 

1 

65 

1 

63 

1 

68 

1 68 

1 58 

1 55 

1 

60 

1 

69 

0 

698 

0 914 

0*921 

— 

0 

888 

0 

81 

cJh^o * 



1 20 

1 24 

— 


_ 

1 

40 

4 

20 

4 60 

4 86 

4 34 

4 

89 

4 

40 

0|Hj| 

4 

68 

4 86 

— 

4 17 

4 

66 

4 

86 

C*H 4 0 

2 

17 

2 16 

— 

— 

2 

12 

2 

14 

08, 

SO, 

8 

66 

8 40 

8 43 

8 31 

3 

62 

2 

99 

2 

27 

2 17 

2 49 

— 

2 

26 

2*01 

cAoi 

8 

19 

8 80 

— 

— 

3 

24 

3 

12 

OHCl, 

4*98 

6 20 

6*08 

— 

4 

94 

4 

08 

oa« 

8 

38 

6 36 

6*00 

0 16 

6 

28 

5 

28 

» • 

6 

*98 

6 60 







8 

81 

6 16 

fl 47 

6*88 

3 

*78 

2 

■75 

OH.Br 

4*68 

6 06 

6 80 

— 

4 

41 



CHJ 

fi 

87 

12 *07 

16 19 

10 86 

6 

11 

8 

43 

<w 

6 

47 

12 46 

16*60 


6 

00 

4-00 

H, 

0*160 

0 0882 

0 0888 

0 139 

0 166 

0*24 


Table II 
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power of the X-rays used. They are very probably due to the fact that 
these observers allowed the X-rays to fall on the walls of the ionisation 
chamber The chamber was in that case crossed and recrossed by the 
radiation successively reflected between opposite walls, becoming softer and 
softer dunng the process, so that the nature of the rays as a whole which 
produced the ionisation was very different from the lays given out by the 
X-ray bulb The general trend of the values is, however, the same. 

Deduct tons from the Results 

The ionisation values for the primary and secondary 7 -rays can be divided 
into three sets, which are separated from one another in Table I by 
horizontal lines. The first set consists of gases whose molecules are 
composed of atoms of H, C, N, 0, S, Cl It will be seen that the ionisation 
values of these gases are practically the same for the pnmaiy and secondary 
rays in the case of each of the radiators used In the case of gases 
containing atoms of higher atomic weight than clilorme, however, there are 
considerable differences with pnmary and secondary rays, which depend on 
the nature of the radiator Thus the ionisation in the hrst set of gases, and 
probably in all gases excopt Ha composed of atoms of low atomic weight, is 
praotically independent of the penetrating power of the 7 -rays. 

An inspection of the results obtained by Crowthei with hard and soft 
X-rays shows that the ionisation in these gases with X-rays depends 
comparatively little on the softness and hardness of the rays But on the 
whole his values are from 6 to 12 times larger than those which the writer 
obtained with 7 -rays. 

A comparison of the ionisation values of the gases of the first set obtained 
with the a- and iS-rays, and the primary and secondary 7 -rays, shows that 
they are approximately the same for each kind of rays The process of 
ionisation m these gases thus appears to be the same for each ionising agent. 

The second set in the table consists of gases whose molecules contain 
at least one atom which is of greater mass than the chlorine atom. It will 
be seen that the ionisation is greater m these gases with the secondary rays 
than with the pnmaiy Thus the ionisation in CsH|I with a carbon 
radiator is nearly three times that obtained with the pnmary rays. The 
difference in ionisation increases with the atomic weight of the heavy atom 
in the gaa, and is greatest with the carbon radiator and smallest with the 
lead radiator. 

In the case of X-rays, the ionisation in the gases of this set also increases 
with the softness of the rays, except in the cose of ethyl bromide. The 
ionisation in ethyl bromide has been shown by Crowther to decrease veiy 
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considerably with the softness of the rays. This property of ethyl bromide 
is very remarkable, and some interesting deductions can be made from this 
result and that obtained by the wnter with 7 -rays 
Thus if the 7 - and X-rays are the same in nature there should be no 
discontinuity between them, but rays of all conceivable penetrating powers 
should exist, including the hardest 7 -rays and the softest X-rayB The curve 
connecting ionisation and penetrating power of rays for ethyl bromide would 
therefore very probably be ot the form shown in fig 7 The regions of the 



Fra 7 

curve suggested by the experiments of Crowther and the wnter are marked 
off in the figure. The curve suggests that it might be possible by increasing 
the hardness of the X-rays from a bulb to reach a point at which a further 
inoreaBe m the hardness of the rays would produce a decrease instead of an 
increase in the ionisation Or, by successively reflecting 7 -rays from 
a numlier of radiators one might obtain rays of such softness that the 
ionisation produced would decrease instead of increase with the softness of 
the rays 

When the ionisations obtained with the a-, /?-, and 7 -rays for the gases of 
the second set are compared with one another, it will be seen that on the 
whole they vary considerably with the nature and quality of the wntowg 
agent, and in this respect form a marked oontrast to the ionisations in the 
gases of the first set. 

The third set m the table contains the gas H» The ionisation in this gas 
was found to be smaller with secondary than with primary rays. The 
ionisation thus increases with the penetrating power of the rays. The 
■decrease was greatest with the oarbon radiator and smallest with the lead 
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radiator. With the heavy gases we have sees the increase ot the ionisation 
is greatest with the carbon radiator and smallest with the lead radiator. 
Thus the cause which produces a decrease of the ionisation in Ha produces 
an increase in a heavy gas. The nature of this cause is probably related in 
some way to the penetrating power of the rays But it is impossible to 
trace a definite connection between this effeot and the penetrating power of 
the rays from carbon and lead as measured by the absorption produced by 
thin sheets of metal, because the relative penetrating powers obtained 
depend on the metal used m their determination This point is further 
discussed under “ Ionisation and Absorption of Bays.” 

The behaviour of Ha with 7 -rays is analogous to that with X-rays, as an 
inspection of Table II will show This suggests that the curve connecting 
the ionisation in Hj and the penetrating power of the ionising agent, 
assuming that the 7 - and X-rays are of the same nature, is probably of the 
form shown in fig 8 The regions whose form is suggested by the experi¬ 
ments with X-rays and 7 -rays are, as before, marked off in the figure It is 
not improbable, as already suggested m the case of ethyl-bromide, that it 
would be possible to obtain some experimental evidence, by using very hard 
X-rays or very soft 7 -rays, of the connection between ionisation and 
penetrating power indicated by the middle portion of the curve. 



The ionisation in the various gases, omitting H* for the present, w 
approximately an additive quantity This is shown by Table III, which 
contains the ionisations by the secondary rays from a one radiator, and the 
quantities called “ atomic ionisations " by means of which the values under 
"calculated ionisations" in the table were calculated. The experimental 
and oaloulated results obtained previously by the writer with the primary 
•frays are also placed m the table. The values of the atomic ionisations 
have been so selected that there is roughly the same percentage error 
between each calculated and experimental value, 

vol. uooaL— a. 2 0 
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Table III. 


Atomic ionisations 
Primary 7 *ray* 

_ 

■ 

Experi¬ 

mental 

ionisation, 

Primary 

7 -ray* 

Calculated 

ionisation 

Primary 

7 -rays 

Experi¬ 
mental 
ionisation 
Secondary 
y ray* from 
uno 

Calculated 
ionisation. 
Secondary 
7 -ray* from 
uno 

H t 

0 18 

Air 

1 00 

_ 

_ 

. 

0 

0 46 

Oj 

1 16 

1 16 

1 11 

1 14 

N 

0*46 

NaO 

1 66 

1 48 

1 84 

1 89 

0 

0 68 

CO, 

nh 8 

1 68 

1 62 

1 68 

1 58 

s 

1 60 

0*888 

0 99 

0*914 

0 95 

01 

1 44 

CjHj 

— 

— 

1*20 

1 24 

Ni 

1 82 

o 4 h„o 

4 29 

4 22 

4 29 

4 18 

B T 

2 81 

OgHw 

GjH 4 0 

4 58 

4 46 

4 86 

4 86 

I 

4 60 

2 17 

2 22 

2 16 

2 17 

Atomic ionisation 

08, 

8 66 

8 66 

8 40 

8 40 

Secondary 7 -ray* 

SO, 

2 27 

2 76 

2 17 

2 62 

H . 

0 18 

OeHgOl 

OHClj 

8 19 

8 20 

8 89 

8 26 

0 

0 44 

4 98 

4*96 

6 20 

6 12 

N 

0 41 

OOI4 . 
Ni(CO), 

6 88 

6 22 

6 86 

6 44 

O 

0-67 

6*98 

5*98 

6 60 

6 60 

s 

1 48 

CHjBr 

8 81 

8 81 

6*16 

5 09 

01 

1 60 

OeHaBr 

4*68 

4 68 

6*05 

6 49 

Ni 

a so 

chgi 

5 87 

6 50 

12 07 

11 86 

B* 

I 

4-71 

10 88 

OjHgl 

6 47 

6 82 

12 46 

12 60 


In obtaining the values of the atomic ionisations the gas SO* was not 
considered, because, if included, a value for the atomic lonuation of S is 
obtained which makes the calculated values of SO* and OS* differ by a much 
greater percentage from the experimental values than is the case with any 
of the other gases SO* and OS* thus evidently do not fit m very well with 
the other gases with respeot to the additive law It is remarkable that the 
ionisation values obtained with the primary 7 -rays, and the «- and /8-rays, 
show similar deviations The calculated value for SO*, if we take the 
atomic ionisation for S obtained from CS*, is in each oase greater than the 
experimental (see Table V). 

The agreement between calculation and experiment for the remaining 
gases in Table III is not quite so good with the secondary rays as with the 
■primary. This is probably in some measure due to the errors of experiment 
fraing greater in the former oase. The departure of C*H»Br, however—its 
iioniaation is smaller than that of OH«Br, although it contains an additional 
C and two H atoms—seems to be real. 

The atomic ionisations for the primary and secondary rays are plotted 
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against the atomic weight in fig. 9 The curves are separated somewhat in 
the direction of the ordmate in order to prevent overlapping near the origin. 
It will be seen that the upward slope of the curve for the secondary 
rays increases with increase of atomic weight The curve for the primary 
rays, on the other hand, does not show any increase in slope The 
sensitiveness of an atom to the penetrating power of y-rays thus increases 
with the atomic weight. 



ATOff/C W£/GtfT -- 

Fio 0 

The atomic ionisations for the primary y-rays and the »- and /9-rays 
taken from the paper by the writer already quoted, and for the secondary 
y-rays, are given in Table IV. It will be seen that the atomic ionisations 
for the atoms H, 0, N, 0, S, 01, are approximately the same with each of the 
ionising agents, as we would expect from an inspection of the ionisation 
values of the gases in the first set of Table I. 

In Table Y are given the experimental and calculated ionisations in Hi 
and SOa for the «- and /S-, and the primary and secondary y-rays. It will be 
seen that in each case the calculated values are larger than the experimental, 
especially in the oase of H* The ionisation in Hi does not fit in even 
approximately with the other gases in respect to the additive law 

The writer has shown that in the oase of the *t-partiole if both the 

2 c 2 
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Name of atom 

1 

Primary y-rays. j 

Secondly y rays 
from line 

0 rays from 
uranium 

o*particles from 
radium 

H 

0*18 

0 18 

0*18 

0 176 

0 

0 46 

0 44 

0 46 

0 61 

N 

0 45 

0 41 

0 475 

0 47 

0 

0 58 

0 GT 

0 58 

0 66 

& 

1*60 

1 48 

1*60 

1 24 

Cl 

1 44 

1 GO 

1 44 

1 16 

Hi 

1 88 

! 2 56 

] 


Br 

2 81 

1 4 71 

2*67 

1*72 

I 

4 SO 

I 

! 10 88 

1 

4 10 

2 28 


Table V. 



Experimental ionisations. 

Name of gas. 

Primary 

yrayi 

Secondary 

7 * rays from 
smc. 

0 rays from 
uranium. 

a'partieles 
from radium 

H, 

0 100 

0*0882 

0 166 

0 24 

80, 

2 27 

* 17 

2*26 

2*01 


Ionisations calculated by mean! of the atomic ionisations 
r given in Table IT 

11, . 

0*86 

0*86 

0*86 

0 86 

BO, 

2*76 

2*62 

a 76 

2 84 


■topping powers and ionisations for a number of gases follow an additive 
law, the energy required to make an ion from an atom is independent of the 
nature of its chemical combination in these gases * Further, if there is in 
addition a gas whose ionisation does not fit in with the other gases according 
to the additive law, but whose stopping power is normal, the energy 
expended per ion made from one of its atoms is not the same as that 
expended when the atom occurs in one of the other gases. It is greater or 
less that m the latter case, accordingly as the ionisation of the gas by 
the additive law is greater or leas than the experimental. It was thus 
shown that the energy spent by the e-particle an an ion made from an atom 

* 'Boy. Boo. ProcV A, voL 78,1807. 
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of H in the gaa Hj is greater than when the atom ocean m a constituent in 
any of the other gases. It is very probable that this is also true for the 
other ionising agents besides the a-particle The decrease of the ionisation 
in Hf with increase in softness of the y~ and X-rays may then be due to an 
increase in the expenditure of energy in the production of an ion. 

On the whole it is evident that the chemical bond which holds two atoms 
of hydrogen together differs in nature from that which holds it in com¬ 
bination with the atoms in some other gases. If an atom consists of an 
assemblage of electrons, we would expect that some of the electrons would 
be under a constraint when the atom is combined with other atoms, and that 
this constraint might be the same for some combinations while different for 
others The electrons under constraint would probably be more difficult to 
pull out of an atom than the other electrons, and the departures from the 
additive law accounted for by departures in the nature of the constraint 
The departure of H« from the additive law, and the increase of this departure 
with the increase in the softness of the ionising rays, adds another anomaly 
to the list for which the gas is already famous. It is probable that these 
anomalies are due to the same cause, which is probably a departure in the 
arrangement of the forces of constraint holding the two atoms of the 
molecule together from the arrangement in the case when hydrogen is 
combined with other atoms. If that is so, the forces outside a Hj molecule 
should differ considerably from those outside any other molecule, and the 
scattering of moving electrons by Hj should therefore be anomalous. Now 
this has been found to be the case.* The scattering of elections by the 
gases air, argon, and carbomo acnl is about what we should expect if we 
suppose that the charge on the electron does not influence its mean free 
path, the absorption by hydrogen is, however, considerably greater than the 
value got on this supposition, showing that the hydrogen molecule is 
surrounded by a field of force which is practically absent w the case of the 
molecules of the other gases. 

Dependence cjf Ionisation on the Directum of Propagation qf the Secondary Days 
with respect to that of the Primary. 

The experiments described were made with secondary rays propagated 
more or less in the opposite direction to the primary rays. Some experi¬ 
ments were also made with the secondary rays propagated in the some 
direction as the primary. Hie arrangement used is shown diagram matieally 
in fig. 10. A denotes the ionisation chamber, B the radiator, and C tbs 

* Sm Prof. J. 3, Thomaoa’a ‘ Conduction at Ebetntity through Oaetw,’ End edition, 
p.38& 
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radium Headings were taken with and without the radiator in the same way 
as before 

It was found that the ionisation in CH*I, with a zinc radiator, Was 8’42 
instead of 12 07, as was obtained with the previous arrangement The nature 

of the secondary radiation from a plate thus 
depends on its direction of propagation with 
respect to that of the primary rays 
Since the ionisation with the primary rays is 
less than with the secondary, which are more 
absorbable, we infer that the secondary rays, 
which are propagated in the same direction as 
the primary, are of a more penetrating character 
than those which are propagated in the opposite 
direction 

This result falls into line with some experi¬ 
ments by Madsen* who showed that the secondary 
y-rays which proceed from the side of a radiating 
plate where the y-rays emerge are of a more 
penetrating character than those from the side 
where the y-rays enter Madsen measured the 
penetrating power of the rays by observing the absorption produced by 
sheets of metal of different thicknesses placed in their path. The reason for 
the difference in the penetrating power of the rays is that the secondary 
y-rays are initially propagated in the same direction as the primary, but 
during their further course are scattered to a certain extent by the material, 
and softened in the process The returned secondary rays have undergone 
the maximum amount of scattering, and are therefore softer than those 
which are propagated approximately m the same direction as the pnmaxy 

Connection between Ionisation and Absorption 

The amount of ionisation produced by the electrons ejected from the 
molecules of a gas with sufficient velocity to produce ions by collision is very 
small, as we have seen at the beginning of this paper The ionisation in a 
gas measured in a chamber whose walls radiate no secondary rays is therefore 
proportional to that fraction of the energy of the y-xays absorbed which is 
converted into energy of electrons of slow velocity, or fi-rays. 

The amount of energy absorbed of a beam of y-rays by a sheet of metal 
placed in its path is a measure of the energy absorbed in the production of 
cathode rays of high speed as well as slow-moving ones. And since the 
* 1 Boy. Soe. South Australia Traxuk,* vol 88 , July, 180$. 
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energy represented by an electron of high speed ejected by 7 -rays may be 
several thousand times that represented, by a slow-moving electron, or £<*ay» 
the proportion of energy absorbed which is converted into kinetic energy of 
electrons of high speed may be quite large 

It appears, therefore, that we cannot compare the ionisations in gases with 
the absorption of solid materials unless we know how the absorbed energy is 
distributed between the electrons of high and slow speed The results on 
the ionisations in gasos by secondary 7 -rays described m this paper, and 
those on the absorption of secondary rays by different materials obtained by 
the writer * cannot therefore be compared with one another. Some idea of 
the distribution of the absorbed energy between the electrons of high and 
slow speed might be obtained by comparing the ionisation in the vapour of a 
liquid by a given source of rays, and the absorption of energy by the liquid 
for equal masses 

It is a pleasure to me, in conclusion, to acknowledge the keen interest and 
helpful encouragement of Prof Sir J. J Thomson during this research. 


* * PhiJ Mag / p 618, November, 1907, 
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Note on a Curious Property of Neon 
ByJ Nohman Collie, FILS 

(Received April 8,—Read May 6, 1909 ) 

During some work with specially pure neon, belonging to Sir W Ramsay, 
it was noticed that as the gas escaped at atmospheno pressure from a Topler 
pump, up through the mercury into a inverted test-tube, each bubble glowed 
with a fire-red glow. Further experiments Bhowed that if neon were sealed 
up in a glass tube with mercury and the tube shaken, the glow was vety 
apparent. 

This glowing of gases when shaken with mercury in a tube ib well known, 
but neon shows this peculiarity, even at atmospheno pressures, in such a 
marked manner that it was thought worth while to further investigate the 
phenomenon A tube, for instance, filled with helium at 100 mm piessure 
only gives a very faint bluish glow when shaken The amount of neon 
available, however, was only 5 c c, and further experiments would have been 
impossible without much larger quantities of the gas. Fortunately M Claude, 
of Pans, most kindly sent Sir W Ramsay a large quantity of residual gases 
obtained during the liquefaction of air. These consisted of a mixture of 
helium, neon, and nitrogen, the nitrogen being present to the extent of about 
50 per cent., the remainder being the helium and neon From this mixture 
nearly pure neon can be obtained by fractional absorption of the gases by 
charcoal cooled in liquid air 

In every case, before filling the tubes with neon, they were thoroughly 
cleaned with sulphuric acid and chromic acid Some mercury was then put 
into the tubes and they were sealed on to the Topler pump and pumped out, 
the mercury m the tubes was then boiled and the pump washed out with 
some neon; the tubes were again pumped out and finally pure neon 
admitted, the pressures in the different tubes varied from 120 to 200 mm, 
as it was found that the glow was as bnght at these as at ordinary pressures, 
and a saving of neon was thus made 

At first it was expeoted that the glow would always be produced when the 
tube containing the mercury and neon was shaken, but this was found not to 
be so, as the following experiments will show *— 

1. A straight tube rounded at both ends was filled with neon (probably 
containing a little helium) at about 200 mm pressure. After shaking inter¬ 
mittently for two or three hours the glow became very feeble and remained 
so. After two days, as there did not seem to be any improvement, the ends 
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•of the tube were enclosed in lead foil and sparks from an induction coil were 
passed through it. At once the brilliancy returned, hut it was brighter at one 
ond (the positive terminal) than at the other The same result can be 
obtained by merely holding the tube in the hand and moving it up and down 
•on either of the terminals of the induction coil, whilst a spark is passing 
•between the terminals 

Exaotly the same result was obtained from several other tubes that had 
lost their original brilliant glow, and had remained in this condition, some of 
them for as much as three weeks In most cases, after the tube had been 
revivified in this manner, shaking had less effect on the brilliancy of the glow 
than when the tube had just been made 

2 Another tube, directly after it was made, that glowed bnghtly when 
shaken, on being brought near the terminals of the induction ooil, at once 
lost most of its brilliancy, moreover, further spaiking from the coil did not 
improve it 

3 Another tube had a thick platinum wire sealed through one of its ends 
On shaking, the glow m this tube soon became feeble, and sparks from the 
induction coil wore passed through it m various wayB without improving it 
It remained m this state for some days, finally, by morely rolling the 
mercury up and down, the full original brilliancy returned 

4. The inside of a tube was strongly etched with hydrofluoric acid. This 
tube, after filling with neon, glowed just as bnghtly as the others 

5 A tube that was glowing brightly bad its lower end immersed m liquid 
Air The mercuiy was frozen solid, and the upper end was then heated to 
well above 400° C Any mercuiy that might have condensed on the glass 
by this treatment would condense in the lower portion of the tube On 
allowing the tube to return to ordinary temperatures, and shaking, it was 
found that the end that had been heated glowed even more brilliantly than 
the one that had been cooled 

The tube in experiment (2), that glowed only feebly, was then heated at 
one end. The heated end was found to have regamed the properly of glowing 
bnghtly when the tube was shaken 

Many other tubes were made and obtained m different degrees of 
efficiency, by passing mild or violent discharges through them Some were 
produced that glowed at both ends but not m the middle, others would glow 
only in the middle, and some at only one end Thu abnormal state seems 
fairly permanent if no further electric charges are brought near the tubes 

If the neon has the slightest trace of moisture in it, no glow can be 
obtained; minute traces of oarbon monoxide also diminish the power of 
glowing in a marked manner, but spectroscopio traces of hydrogen do not 
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seem to have much effect. There is no doubt, however, that the purer the- 
neon the more brilliant is the glow, and at the same tame it is more difficult 
to destroy the glow by shaking or electrifying the tube 
An experiment was made in a silica tube with the neon at atmospheric 
pressure, the glow was very much brighter than m a glass tube under the 
Bame circumstances 


Note on the Results of Cooling certain Hydrated Platm- Cyanides- 

in Liquid Air 

By J Emekbon Reynolds, M D, Sc D, F R S. 

(Received April 19,—Read April 29, 1909 ) 

In the course of Sir James Dewar's important low-temperature researchee- 
he made an interesting and significant observation with a salt which had 
been supplied to the Laboratory of the Royal Institution as “Lithium. 
Platinocyanide "* When this nearly white crystallised substance was 
cooled m liquid air it assumed a distinct red colour, which did not persist at 
ordinary temperatures, the material resuming its usual appearance 
Sir James was so good as to give the writer a portion of the salt for 
examination, aB it seemed desirable to seek for some explanation of the 
remarkable colour change observed. 

On repeating the above-mentioned experiment several times with one and 
the same portion of Sir J. Dewar’s specimen it was subsequently found that 
the substance gradually lost the property of becoming red in liquid air, and 
assumed instead a marked yellow colour, which was retamed at ordinary 
temperatures. This additional phenomenon has also to be explained, as it is- 
presumably connected with that first observed. 

Chemical examination of the Royal Institution specimen led to the* 
conclusion that it was a mixture of the hydrated chloride, cyanide and 
sulphate of lithium with a platm-cyanogen salt of lithium, and that the 
proportion of the latter compound present was small. 

The percentages of platinum and of lithium were directly determined in 
the R.I specimen and found to be 

Platinum . 182 

Lithium..... .. 956 

. * See p. 6S7, 1 Proceedings of tbs Royal Institution' for 189& 
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Hence the percentage of platinum compound present could not exceed 
5 per cent of the mixture of salts When this specimen was examined 
under a mioroscope some minute red specks were seen, and these minute 
particles deepened much in tint when the material was cooled in liquid air 
The general red coloration of the mass at the same time indicated that the< 
platinum colour-producing compound was also diffused through the salts i» 
a state of solid solution 

The separation and identification of a small amount of a platm-cyamde in 
much saline material is not very satisfactory, hence the method of com¬ 
parison was adopted It seemed highly probable, having regard to all the 
oircumstanoes, that the question to be decided was whether the compound! 
present was a platinocyamde or one of the much less known platintoyanides 
—the presumption being, of course, rather in favour of the former 

With a view to this oompanson I prepared afresh some pure lithium 
platinocyamde and obtained the salt in fine grass-green crystals when fully 
hydrated Ou completely analysing these crystals they gave data agreeing 
well with the formula 

Li a Pt(OIT)*,6H s O 

When cooled in liquid air thm salt did not alter materially in colour—its- 
green tint simply became paler after prolonged immersion Even when, 
previously diffused through hydrated lithium chloride, and the mixture- 
cooled as before, it merely assumed a somewhat more yellow shade, but 
neither by cold nor heat did the pure material, or the mixture, become reef 
on dehydration It was, therefore, evident that the platinum oompound 
present m the B.I. specimen was not a platinocyamde of lithium, and was 
probably a platimoyamde of the same base—the latter differing from the 
former in containing one more cyanogen group 

Happening to have m my collection a finely crystallised specimen of 
lithium pl&timcyanide, its exact composition was then ascertained by duect 
analysis, and was found to be represented by the formula 

Li*Pt(CN) &1 2H J 0 

Hence the material was ready to hand for carrying out the further oom¬ 
panson. Thu compound u, however, of a full orange red colour, at ordinary 
temperatures, and when cooled in liquid air becomes & magnificent ruby-red! 
which does not alter on prolonged oooling. These observations did not, at 
first, seem to help much toward the end in view, but a careful study of the 
variations in hydration of the platimoyamde cleared away all further 
difficulty. 

The orange-red di-hydrated crystals easily dissolve in water and form. 
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t colourless solution. When this solution is cautiously evaporated at 
40° to 50° to the crystallising point and then quickly cooled to 15°, long 
colourless needle-like crystals separate which exhibit a slight lavender 
fluorescence These crystals, when collected and quickly dried by pressure, 
'were found to include 311*0, t.e one more molecule of water of crystal¬ 
lisation than the red salt. This colourless tn-hydrata easily puts with 
one molecule of water and becomes the red di-hydrate either by heat or when 
‘the colourless crystals are cooled in liquid air In the latter case, very 
rapid cooling always gave some yellow material in addition to the red 
substance, but when the reduction in temperature was carried out very 
slowly the red oompound only was produced 

Further, when the orange-red crystals of the di-hydrated Balt were very 
carefully heated until one of the remaining molecules of water was driven 
off, a yellow substanoe remained, which latter, if exposed to moist air, 
speedily resumed watei and became red again I found, however, that a 
persistent yellow mono-hydrate could be obtained by adding to a colourless 
aqueous solution of the tn-hydrate a small proportion of an indifferent but 
highly hydrated salt—sodium sulphate—then evaporating to dryness and 
gently heating the residue The red stage of dehydration was quickly 
passed, and a persistent pure yellow-ooloured product remained, recalling m 
appearance the yellow substance which results from the quick cooling of 
the pure substance, as noted above, and also the product of the repeated 
cooling and thawing of the Ii I specimen, as mentioned at the beginning of 
this note 

Finally, when the pure platmicyanide was sufficiently heated, the last 
molecule of water of crystallisation was driven off, and a white anhydrous 
substanoe remained It is, therefore, comparatively easy to obtain the 
following compounds by the means above indicated — 

Li*Pt(CN)»* . . .. White 

LiaPt(CN)t,HiO. . Yellow. 

LiaPt(GN)6,2HsO . .. . Orange-red 

ld«Ft(CN)6.3HgO . Colourless. 

These variations of oolour with degrees of hydration are doubtless to 
he connected with the differences m arrangement of the water molecules 
in the greater crystalline molecules, and their consequent effects on light. 

The study of these hydrates evidently supplies the interpretation of the 
phenomena observed on cooling the Boyal Institution specimen repeatedly 

* Tbass formula should probably be doubled, but it is unnecessary to do so base, as 
tile simpler expressions serve equally to re pr esent the essential variations. 




888 


1909.} Hydrated Platm-Oyctnides in Liquid Air. 

in liquid air. The mixture of hydrated chloride, cyanide and sulphate of 
lithium used included rather less than 5 per cent of lithium platmtcyanide, 
which was ehiefly in the tn-hydrated colourless condition When the 
temperature of the mixture was reduced in liquid air, one molecule of water 
quickly separated, and the red di-hydrated salt was formed, but on 
warming up to the ordinary temperature, the colourless tn-bydrate was 
reproduced The other hydrated lithium salts present are doubtless 
simultaneously dehydrated at the low temperatures reached, although 
these changes cannot be directly recognised as they are unaccompanied by 
colour alteration In rapid cooling of the mixed (or even of the pure) 
material in liquid air a little of the yellow mono-hydrate is always formed 
and, as already noted, this rehydration of the yellow substance is singularly 
inhibited when neutral salts are present which are themselves avid of 
water, so that frequent alternations of cooling and warming gradually lead 
to the complete conversion of the platinum compound into the persistent 
yellow mono-hydrate. 

The facts observed regarding the chemical changes of lithium platuu- 
oyarnde hydrates not only serve to explain the phenomena noted on cooling 
the B.I. specimen to temperatures between —180° and —200°, but also 
indicate that the study of graduated dehydration of coloured salts at low 
temperatures may present considerable advantages, as compared with that of 
similar salts under the more completely disintegrating effects of heat. 
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Some Results tn the Theory of Elimination. 

ByA L Dixon, M A, Fellow of Merton College, Oxford 
(Communicated by Prof Love, F B 8 Reoeived May 1,—Bead May 27, 1909.) 

In two recent papers,* I have given expressions, in the form of deter¬ 
minants, for the eliminants (l) of two quantics in one variable and (u) of 
'three quantics in two variables My present purpose is to show how from 
these expressions may be derived others which give the eliminants as a stun 
of terms. 

In the case of two quantics <f> (a?), ifr (x), eaoh of the nth degree in one 
variable, I obtained the result 

A = ABE, 

where E is the pure eliminant, A is a determinant of order n, whose elements 
-are denoted by (a„r t ), where (a,r) is written for (a— r), 

...a*, nr 3 ,... r % being two sets of arbitrary quantities,and A and B 
denote respectively the determinants whose ath rows are 

| 1> ®i, >« . ®«* ' | 

And | 1, r„ r,*, r,*, .. r.— 1 | 

■This is easy to prove, for if we write (a, r) m SCit is well known that, 
according to Cayley's statement of B&sout’s method, one form of E is the 
determinant whose elements are.C*, and if we multiply this determinant 
successively by A and B we get the determinant A. 

For three quantics m two variables (and torn quantioa in »—1 variables) 
an expression analogous to Bdzout’s determinant may be obtained for the 
eliminant of £(®,y), ^ (x, y), %(#,?), if these are all of the form 
S A«afy*(r <n,s< m), where n, m axe the same for all three quantics, <ft, ifr, 
This form I denote by saying that 0, yjr, ^ are of degree n in x, and m in y 
For, consider the function F (x, y, a, b) given by 

(x-a)(y-b)F(x,y,a,b) = <f>(x,y), 4>(x,b), 4>{a,b) 

irfay), ^(*»&). f(a,b) 
x(*.y). xM> xM) 

The determinant on the nght-hand side is obviously divisible by *—a and 
y—b, so that F is of degree 2»— 1 in x, and m—1 in y, and of degree 
«—1 in a, and 2m—1 in b. 

Also F obviously vanishes if (a>, y) is a common root of *0, 

* ' Preceding* of the London Mathematical Society,’ Mr t, voL 6, pp. 488—478, and 
voL 7, pp. 49 —68. 
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as 0, whatever value we give to a, k Thus the coefficients of a r J* for all 
values of r and $ will all vanish for a common root, and we derive from 
JstO, 2 vm equation* m x and y, the number of terms m each being 
.also 2 wm. 

From these equations we can at once write down the ehminant as a 
-determinant of order 2 mn, whose elements are the coefficients of in 

JT(®, y, a, 6), r and a being the same for any row, and t and u the same for 
any column From this again we tnay derive, by multiplication, the result 

A sb {a,b} {«,£}E, 

'Where E is the pure elinunant m the form just obtained, A is a determinant 
of order 2 nrn whose elements are F («,, 0 T , a„ b,), (ai, bj), (a* b») 6***), 

>(«i,0i), . . (*imm fltonn) being two sets of 2 mn pairs of arbitrary 

quantities, and {<*,&}, {a,/3} denote respectively the determmants whose rth 
■rows are 

| 1 1 ®r> Wi Or®» a rbr, b r a , ., ffl r * 'ir®** 1 | 

and | 1, B r , 0 r , Bf®, 0r^t • *r** *0r m 1 | > 

the terms that occur being those of 

•%*(* < n,t < 2m) and of JL* r ‘0f (* < 2»i,< < m) respectively 

To obtain corresponding results for three quantios of the ordinary 
^standard lorra XA r ^fy , (r+s<n), we take \n(n + l) [or }»(«—1)], equations 
derived from F(x,y,a,J) by equating to zero the coefficients of a r S* for 
r+$<n [or »—1], and add to these j-n(n— 1) [or £«(«+l)], equations got 
by multiplying 0 =s 0, 0 = 0, % ss 0 by x T y‘ for r+s<n— 1 [or »], thus 

• obtaining a determinant of older 2 n a —n [or 2w®+n.],and by suitable modifica¬ 
tions it is possible to adapt this method to quantics of different degrees. 

My present object is to obtain the ehminant of three quantics of the 

• ordinary standard form of degree m, as a sum of products, n a at a time, of 
various values of F (», 0, a, b), and in order to make the process clearer, and 
also tor the sake of the result obtained, I begin by finding die corresponding 

• expression for the elinunant of two quantics in one variable. 

If m 0 (a) and 0 (a) I change the variable from a: to a;*, the result of 
-eliminating between 0 (a*) and 0 (a*), considered as functions of a, will 
obviously be the square of the elimmant of 0(a) and 0>(x) Thus the 
•equation already obtained may be written for this case 

A = ARE®, 

_A being a determinant of order 2» whose elements (<x» r,) are 
[0 (a,*) 0 (fi®)-0 (n*) 0- (a.*)]/(o.-r,). 

In this, a* the a's end r'* are arbitrary quantities, we may put r, as —a. 
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for all values of $, and we obviously get (a„ —a,) = —{at, —a,), so that A is 
How a skew symmetrical determinant, whilst A and R are identical 

But the expression for the square root of a skew symmetrical determinant 
is a known formula, so that, using this formula, and putting 

[r,a] = (</> (flr s ) ^ (a.*)—$ («,*) + (a r *) )/(a r +a,), 
where aj, a* a* ... <h» are 2 n arbitrary quantities, I get 

AE = S±[1,2][3,4][5.€] [2»—1,2»], 

A being the product of the differences of the a’s. 

To obtain a similar result for the elinunant of three quantics, <f>(x, y), 
ifrfa y), x(cc, y) of the ordinary standard form, of degree n, make the 
substitution ir s= a:y, y = x+y. When this is done, the new functions 
<f> {xy, w+y) . are of the form 2A rj afy*(r<M, a < n), and their eliminant- 
is the square of the elinunant of the original quantics, since there is a (1,2) 
correspondence 

Thus the formula already obtained may be written 

A = {a,6} {*,0} E*, 

where the numbers of pairs of quantities (a, b) and (*,/9) is 2m 1 , and A is the 
determinant of order 2n* whose elements are ¥(a r ,fi r ,a„b t ), given by 

If in this we put a, = fi„ b, =■ a, for all values of s, the lesult is a skew 
symmetrical determinant, and, taking the square root, we have 

{«»0} E = 2 ± [1,2] [3,4] [5,6] . [2» s —1,2»^, 
where [r,«] is F (a,, fi T , fit, *«), as defined above, that is 

[r,«] SB *, + “•), 4>{*rfir. *r + fir), ${*£„ «, + fi,) 

y/r (eir&i, *r*b*«)> ^(*r^n *r + $r)» ^ 

X (*»**> X*r "b X “• + fit) 

and {*,fi} is the determinant whose rth row is 

| 1, *ti fin *n *rfin fir*, • | • 

A curious corollary is the expansion of {«,/?} itself in the forax 
S±(l»2)(3,4)(5,6) .. (2m 1 — 1,2m 1 ), where 

(»,«)= («,+«,)*• 

*r'fir\ (*, + fi r y, 1 j{*r-fi'){*.-fir), 

*. m fi»\ («.+&)*, 1 

whioh is at once obtained by taking % all of the form Aa^+By"+0. 
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Utilisation of Energy stored in Springs for the Production of 

Mechanical Work. 

By A Mallock, F.RS. 

(Received April 27,—Read May IS, 1909 ) 

Small pieces of mechanism which require little power are often driven by 
wound-up springs (generally of steel), but steel and all other known 
materials, with the exception of mdiarubber, have such a small capacity for 
work that they are not of much use as so tiroes of power if weight is 
a consideration 

The capacity for wbrk, or “ dynamic worth,” of a substance is the elastic 
work which can be stored in it divided by its mass. The dimensions of 
dynamic worth are therefore L*/T* and the velooity of which it is the square 
represents the velocity which the work stored could impart to the mass in 
which it is contained Dynamic worth may also be defined m gravity 
measured by the height to which the stored work could raise the weight m 
which it is contained For steel this height is between 70 and 80 feet, and 
for all other known substances, except mdiarubber, it is less. For good 
specimens of indiarubber, however, the dynamio worth is between 1000 and 
1200 feet, and this singular property ought to render it valuable for small 
light engines whose duty is to give out a large power for a short time Thus 
30 lbs of mdiarubber would serve to produce something like a horse-power 
for one minute 

I do not know that any heat engine has been yet made which will give out 
a horse-power for one minute for this weight, though internal combustion 
engines can now be made giving 100 horse-power on a weight of very much 
less than 3000 lbs. The object of this note is to show in what way the work 
stored in stretched mdiarubber may be most fully utilised, and so utilised as 
to supply power at a constant rate. 

The most convenient form in which the mdiarubber can be used is that of 
a long stnp or band wound on a reel or drum under tension, and in order to 
convert the potential energy into mechanical work it will be shown that the 
conversion cannot be effected continuously, but must proceed in cycles, and 
that the condition of efficiency is that each portion of the elastic band whose 
contraction is to be utilised must be unwound from the drum without change 
of tension, and that the part so unwound must then be isolated by clamping 
of otherwise, and allowed to oontraot without* contact with other bodies 
except at the clamped ends. 

VOL LXXXIL — A. 2 D 
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Consider the case of a long perfectly elastic bond wound without tension 
on a reel A and let this reel be so geared to another reel B as to make B 
revolve at n times the rate of A. If the end of the hand on A is attached 
to B, the band m passing from A to B will be stretched to » tunes its 
original length It is shown below that the work expended in winding from 
A to B is exactly twice the work required to stretch the band to n times its 
length, one half the work being taken up in overcoming the elastic reaction 
and the other half converted into heat by the friction of the band on itself 
or on the reel while its length is being ohanged from »to id. 

Conversely, if from the reel B the stretched cord is rewound on to A no 
mechanical work can be gained, the whole of the potential energy due to the 
elasticity being taken up in overcoming the friction of the cord on itself or 
B while oontraoting from id to b. 

To avoid mechanical loss there must be no slip and therefore no change 
of tension while unwinding is m progress. If a suitable length of band is 
unwound without change of tension and then clamped where it leaves the 
reel, while its outer end is attached to an appropriate part of the engine 
and allowed to contract, the whole elastic work can be utilised in 
accelerating the motion of that part, and the process of unwinding and 
subsequent contraction repeated indefinitely as long as any stretched band 
remains on the reel. (A small model was shown on which this cycle is 
earned out automatically.) 

With mdiarubber there are thermal losses during contraction, independent 
of fnotion, which will prevent the efficiency of the engine being as high as if 

the cord was perfectly elastic, but the pro¬ 
position as regards the frictional loss being 
exactly equal to the elastic work done seemed of 
sufficient interest to make it worth recording. 

This proposition has an immediate applica¬ 
tion to the efficiency of belts, and shows that 
the more stretohable a belt is (te the smaller 
is Young’s modulus for the material) the lower 
is the efficiency of transmission. 

To prove the proposition above stated, let 
AB (m 8) be part of the circumference of a 
reel of radius r, A being the position where 
the tension of the band is ti, and B the position 
where the band leaves the reel at tension t», 
and OA, OB being direotiofis fixed in space. Then, as is known, the tension 
at any point P between A and B is where 3 is the aro BP and n the 
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coefficient of friction. Let & and her be short lengths of the circumference of 
the reel and of the band respectively, which are equal and in contact at A. 
If the reel be now turned until ha amves at P, Scr will (m virtue of the 

extension of the band) be nearer to B than ha by the length 8—<r = 

£ being the elastic modulus of the band, and the slip between the band and 
riel which occurs while the latter turns through da is tda/E The normal 
pressure of the band at P is tfr, and the resistance tp gliding is fitfr The 
work therefore expended m overcoming the resistance to sliding per unit 
length of the band at P while the reel turns through the arc da is 

and the total work spent m friction between the band and reel between 
A and B for the arc of rotation da is the integral of the last expression taken 

between the limits a and 0, or Thus if a length Iq of band is 

unwound, the frictional work is equal to -g $(4*—fr*)> wui independent of /*. 

The elastic work expended in stretching a portion of natural length 4 from 
a length h and tension 4, to a length 4 and tension 4. is (4—4)H*»+4), or, 

since 4 = 4(l+|) and 4 = f 0 (l+|), 16 i8||(4*-4 3 ) 

Thus if the l m the previous formula is reckoned as the unstrained 
length of the unwound band, the elastic and frictional work are equal in 
amount 

The frictional work must always represent a loss of available mechanical 

work, and hence to wind from a Ion tension to a higher demands the 

expenditure of twioe the work required to stretch the band from one tension 
to the other, and if the band is unwound from a high tension to a low no 
mechanical power can be developed in the process as the work is taken up by 
fnotion 


2 D 2 
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The Absolute Value of the Mechanical Equivalent of Heat, in. 
terms of the International Electrical Units 

By Howakd T. Barnes, D Sc , Macdonald Professor of Physios, 

McGill University, Montreal • 

(Communicated by Prof H. L Callender, M A, LL.D, F R.S Received 
Apnl 30,—Read May 27,1909) 


In 1902* there were published the results of an extended Benes of 
measurements of the capacity for heat of water at different temperatures 
between 0° and 100° C The continuous method of calorimetry was 
employed in the work, the details of which were developed by Prof H L. 
Callendar and myself, A steady electric current was used to heat a steady 
flow of water through a fine bore tube, bringing about steady temperature 
conditions in the calorimeter The energy given m joules per calone was 
expressed in terms of the international electric units, and was consequently 
dependent on the values of the standards used in the measurements The 
very greatest possible care was exercised m selecting the standards employed 
and in making sure that they represented the values assumed for the 
international eleotncal units Previous to the commencement of the 
investigation of the capacity for heat of water, several years were devoted 
to a thorough study of the Clark cell as a standard of electromotive forcef 
and to the determination of the temperature coefficient of the Clark oell 
From a large number of cells suitable examples were selected which were as 
perfect as oould then be obtained. Additional cells were also made at 
different times and with different materials, in order that those actually 
used in the investigation could be expressed m terms of the mean of as 
large a number as possible In addition, a further investigation^ of the 
Weston oell was made, and the mean of all the Clark cells was compared 
with the mean of all the Weston oells The value of this ratio was found 
to be 


Clark at 15° C, 
Weston at 20° C 


140666, 


which is practically coincident with the value of the ratio found by Jaeger 
* ‘Phil Trans,’ A, vol 190, p 149(1909) 

4 ‘ Roy Boo Proc,' vol 68, p 148 (1897), B. A Report, Toronto, 1897, ‘ fflootnolan,'- 
vol 39, p 68 (1897), vol 40, p. 168 (1897) 

1 • Joura. Phys. Chem.,’ vol 4, p 839 (1900), vol 8, p. 196 (1904> 
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and Lindeck* for the cells prepared at that tune at the Keiohsanatalt 
found 


Clark at 15° C 
Weston at 20° C 


140665 


They 


While entire confidence was felt that we had cells which represented the 
true value of such combinations, the uncertainty stall existed as to the 
absolute value of the cells In view of this fact, and until snch time as 
future work might throw light on the question, we adopted the legal value 
in calculation. This is given as 

14342 int. volts at 15° C 

Recent investigations! have shown that this value of the Clark oell is too 
high The most probable absolute figure, so far as it is possible to hx it, is 
now given as 

14330 mt. volts at 15° C 

for the oells set up according to the new specifications 
There is, however, an important difference between the cells set up 
according to the old specifications, such as were used in our determinations 
of the mechanical equivalent of heat, and the cells set up according to the 
approved methods now adopted at the various standardising laboratories 
The fundamental difference lies m the treatment of the merourous sulphate 
By the old specifications this was washed with water before being mixed 
with the zinc sulphate to form the paste According to the newer methods, 
no water is allowed to come in contact with the merourous salt, which is 
specially made by various methods, all of which give results in very good 
agreement F A Wolff and Watered have shown that the oells set up 
according to the old specification are 030 millivolt higher than the 
new oells 

With the assistance of Dr H L Bronson we have reoently equipped the 
laboratory with a set of modern standards, some of which were made by 
Dr Bronson m Washington, and directly compared with the cells at the 
Bureau of Standards. Other oells have been made here by him with the 
assistance of Mr A N Shaw, all of which have agreed very closely with 
the cells constructed in Washington Details of the comparisons of these 
cells will be published shortly. It has been possible for us to construct 
several oells u an exactly similar way to those previously used for the 
mechanical equivalent of heat measurements, and to compare them with 

« ‘ Zeit fttr Instlc., 1 vol. SI, p. 33 (1901), voL SI, p 68 (1901). 
t E.1 Guthe, 'Bull Bureau Standard! Washington,' vol. S, p 33 (1906), T Mather 
and T E. Smith, 'Roy Soo. Proc,,’ A, vol 80, p. 363 (1908). 
x ‘ BuU. Bureau of Standards,’ vol. 4, p. 64 (1907) 
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our new cells. The result of this test has shown that the mean of our 
cells, Bet up according to the old specifications, as our old cells were con¬ 
structed, are 0 28 millivolt higher than the modem Clarks As a matter 
of fact, our new cells are exactly 18 microvolts (0*018 millivolt) higher 
than the reference standards at Washington, which brings the mean of our 
cells set up, according to the old specifications, to 0 30 millivolt We have 
also set up a number of inverted Weston cells, using the washed mercurous 
sulphate, and find them approximately the same amount higher than the 
modem Weston cellB prepared according to the new specifications 

The absolute value which we must therefore take for our cells in order to 
reduce the values of the mechanical equivalent must be 030 millivolt 
higher than the value assumed for the modern Clarks, or 

14330 + 0 0003 = 1*4333 mt volts at 15° C 

It is possible now to express the original determinations on the basis of 
the new value for the Clark cell The value assumed for the resistance 
standards used in the investigation must be also assumed The actual 
resistance through which the heating current was passed was compared with 
11 standards, all of which had certificates signed by Dr Glazebrook, and 
a twelfth standard from the Beiohsanstalt All these standards were 
expressed in terms of the international ohm and agreed with each other to 
better than 1 part in 10,000, except one which was subsequently found to be 
in eiror and which was not included in the mean. It is exceedingly unlikely, 
therefore, that either the mean of the resistance standards or of the Clark 
oells were m error by as much as 1 part in 10,000 from the international 
units, whatever values may ultimately be assigned to these in C.G S units 

In the calorimetry also great pains were taken to eliminate errors of 
thermometry and heat loss, and the agreement of the observations, taken at 
different times and under widely different conditions, was not far from 
1 part in 10,000 The method of water jacketing rendered the calor imeter 
independent of external temperatures. This made the work at the extremes 
of the temperature range as accurate as those at ordinary temperatures. It 
is difficult to see where the measurements can be in error by more than 
1 part in 10,000 at any part of the range 

In the table following is given the values of the thermal capacity of water 
at different temperatures between 6° and 95° C in joules per calorie. 
Column 1 contains the original values expressed in terms of the Clark cell 
equal to 1*4342 int. volts at 15° C. Column 2 contains the same results 
reduced to the modem Clark equal to 14330 mt volts at 15° C., or what is 
the same value for the old Olarks, 14333 volts. In Column 3 is given the 
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value* of Rowland by the direct mechanical method obtained between 
5° and 35° C aa corrected by Waidner and Mallory. 

Table I. 


Temperature 

Joules per oalone 
Clark 1 4342 

Joule* per ofclone 
OUrk 1 4880 

Rowland Mechanical 

6 

4 2106 

4 9062 

4 206 

10 

4 1970 

4 1026 

4 196 

15 

4 1896 

4 1842 

4 188 

20 

4 1888 

4 1786 

4 181 

25 

4 1801 

4 1748 

4 176 

30 

4 1760 

4 1727 

4 174 

85 

4 1778 

4 1790 

4 176 

40 

4 1778 

4 1720 


46 

4 1782 

4 1780 


60 

4 1796 

4 1746 


56 

4 1819 

4 1766 

1 

j 

60 

4 1646 

4 1792 


66 

4 1870 

4 1817 


70 

4 1898 

4 1846 


76 

4 1926 

4 1872 


80 

4 1954 

4 1901 

1 

86 

4 1982 

4 1929 

l 

00 

4 2010 

4 1967 

1 

95 

4 2038 

4 1986 

1 

Means 

! 

4 1888 

4*1886 

1 

l 


The means of the two columns are seen to be, for the interval between 
6° and 95° C.— 

For Clark. 1*4342 41888 joules per calane 

Clark . . 14330 41836 „ 

It is a matter of interest to compare these values with the direct 
mechanical measurements of Rowland, and of Reynolds and Moorby. On 
aooount of the limited range of Rowland's experiments comparison oan only 
be made between 6° and 85° C The mean value over this range from 
Rowland's curve is found to be— 

Rowland’s mean value. 4186 joules 

From the second oolumn of results, the mean value over the same range ib 
found to be— 

Electrical mean (Clark 14330) .... 41826 joules 

Here a divergence of 1 part in 2000 is shown between the two values, but 
when we enquire into the limits of accuracy which Rowland assigns for the 
values he gives, we 2nd that this is about 1 part in 1000. Henee we find aa 
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agreement of 1 part in 2000, which is better than Rowland gives as the 
probable accuracy of his measurements. 

When we come to the absolute measurements of Reynolds and Moorby, 
we find probably greater aocuracy on account of the method they adopted. 
They used the continuous method with steady temperatures and heated the 
water from the freezing to the boiling point The value they obtained was 
the mean over the entire range, and was found to be— 

Reynolds’ and Moorby’s mean . 41832 joules 

Prof A. W Smith* has recently pointed out that their results are really 
for an interval of temperature between 1° and 100° C To express this 
mean value accurately between 0° and 100° G, it becomes necessary to 
increase their value slightly, sinoe the value of “J" increases lapidly 
between 1° and 0° C Assuming the variation of the specific heat of 
water from our determinations, this value is increased to 

4*1836 joules 

for the mean calorie 

Over the same interval our mean value must be increased Blightly, making 
allowance for the increase at both ends of the temperature range This 
brings the value 

41835 between 5° and 95° C 
up to 41849 between 0° and 100° C, 

which is m accord with their value to 1 part m 4000 The value is 
therefore seen to be between that of Rowland and that of Reynolds and 
Moorby The excellent agreement Bhown here indicates that we must, at 
the present tune, have a knowledge of the electrical units not far from the 
truth, both as regards the Clark cell and resistance The agreement with 
Rowland to within the limits of aocuracy of his measurements serves to link 
his absolute mechanical measurements with those of Reynolds and Moorby 
in a very satisfactory way, and to show that they obtained almost identical 
values. 

The value of the 16° C oalorie is a matter of considerable importance— 

Rowland gives this as. 4188 joules 

Our value comes. 4184 „ 

Assuming the venation of the specific heat, Reynolds’ and Moorby’s value 
comes— 

4*183. 


* * Monthly Weather Review,’ voL 36, p. 456 (1907) 
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A paper lias recently appeared* in which the 15° C calorie has been 
discussed Our value of this quantity is given as— 

4187 joules 

This value is given as expressed m terms of a Clark cell equal to 
14334 int. volts at 15° C The measurements for the Clark cell here quoted 
-were earned out by an absolute method in the Macdonald Physics Building 
ly Mr R 0 King and described by Prof CaUendar.f but were only 
preliminary and no record has been kept of the particular cell used 
Although the value is remarkably close to the correct figure for our old pells, 
it can hardly be taken as repiesenting the mean Clark cell which was 
adopted in the calculations for the mechanical equivalent Mr King 
■eventually intended to obtain more accurate readings for our Clark cell 
mean, but was unfortunately called off on other work. The work is being 
■continued m this laboratory after a lapse of several years, and it is hoped 
that further results may be comniumoated later 

[Note by Prof. H L Cattendar —I designed the apparatus used by 
Mr R O King to read to an order of accuracy of 1 m 100,000, and 
personally assisted him in all the fundamental measurements. 1 had no 
■doubt at the time that the result which 1 worked out from Mr King’s 
observations, though not so perfeot as might have been obtained in a more 
extended investigation, correctly represented to 1 in 10,000 the absolute 
value of the Clark cells at that time employed iu our investigations m terms 
of the international ohm It is very satisfactory to find that l)r Barnes' 
recent comparisons agree so well with the old absolute measurement, but 
I think the absolute value of the mechanical equivalent deduced from the 
■electrical standards may possibly be in error by at least 1 part in 4000 ] 


* ‘ Verh. tier l)ewt Phys Ges.,’ vol 6, p 68® (1908). 
t ‘Phil TransA, vol 199, p 66 (1902) 
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An Approximate Determination of the Boiling Points of Metals. 
By H. 0. Gbkenwood, M.Sc , Beyer Fellow of the University of Manchester. 

(Communicated by Prof E. Rutherford, F.R.S.—Received April 90,— 

Read May 27,1909) 

Despite the facility with which high temperatures can be reached and 
maintained oonstant by means of electric heating, no general investigation of 
the boiling points of the metals has yet been carried out, and such informa¬ 
tion as is available has m many cases been obtained by considerable extra¬ 
polation Moreover, the published data are remarkably discordant, as will 
be seen from the individual results quoted below 

In the course of an extended experimental investigation, H Moissan* has 
made observations on the vaporisation of metals at high temperatures by 
observing the loss of weight of a considerable mass of metal heated for 
definite periods of tune in bis arc furnace 0 P Wattsf has attempted to 
deduce from these experiments approximate values for the boiling points of 
the metals. In addition to the uncertainty due to the fact that many metals 
possess a high vapour tension at temperatures much below their actual 
boiling points, considerable errors are caused by the fact that Moissan does 
not appear to have measured the expenditure of energy in the furnace, which 
varies widely according to the conductivity of the vapours surrounding the 
arc. Also, in many of his expenments the temperature of ebullition must 
have been altogether modified by carburisation 

Since it is now possible to perform effectively the heating and to make 
relatively accurate temperature measurements in the region concerned, the 
remaining difficulty is largely due to our ignorance of any material capable 
of remaining gas-tight at sufficiently high temperatures. 

For approximate measurements it has, however, been found possible to 
oiroumvent this difficulty and yet obtain a sufficiently definite proof that 
aotual boiling is taking place 

In the present investigation the following metals have been studied* 
aluminium, antimony, bismuth, ohromium, copper, iron, lead, magnamnm, 
manganese, silver, tin. * 

Experimental Methods 

In some unpublished work onrned out by Dr. I* Bradshaw in tins 
laboratory, measurements were made of the loss in weight of a crucible, 

* H. Mommui, ‘ Oomptes Bendas,' voL 149, p. 49S (1906). 
t 0. P. Watts, 1 Trans. Amor. Elactrochsm. Boo.,’ 1907, voL 19, p. 141. 
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containing the metal under investigation, maintained for a definite time at 
constant temperature, it being hoped that, by repeating the measurements 
at fixed points over a wide range of temperature, the loss by volatilisation 
would enable a fairly olose approximation of the boiling point to be deduced. 
It was found, however, that the volatilisation occurs over such a large 
temperature interval that in starting the present investigation other methods 
were resorted to 

In the first place thin-walled crucibles, containing a considerable amount 
of metal, were heated, either in a Moissan arc furnace* or in a oarbon tube 
furnace, the energy consumption being kept constant and chosen so as to be 
capable of ensuring in the enclosure a temperature considerably higher than 
the boiling point of the metal under investigation 

During the heating the temperature of the outside wall of the crucible 
was measured at regular intervals by means of an optical pyrometer; it 
being anticipated that when the relatively large mass of metal entered into 
ebullition some definite indication would be obtained that the crucible walls 
ceased to show an increase in temperature The measurements, however, 
were distinctly disappointing, the crucible walls rising considerably above the 
boiling point of the metal 

The method eventually adopted was to employ a vertical carbon tube 
resistance furnace,f in which was suspended a long graphite crucible which 
contained the metal under investigation (see fig. 1). The depth of metal 
employed was usually about 30 mmj Temperature readings of the outer 
walls of the crucible were taken by means of a Wanner optical pyrometer, 
a side tube being provided exactly opposite the lower end of the crucible, 
and being so arranged that only the radiation from the crucible walls could 
fall on the pyrometer, the side tube was kept clear of vapours by a current 
of hydrogen 

The temperature of the heating tube, which could be readily raised to 
2700*, was under delicate control by adjustment of the current passing 
through it 

The measurements of the boiling points were earned out by slowly raising 
the temperature of the orucible and observing the surface of the metal from 
above through an absorbing glass. At first the surface of the molten metal 
remama perfectly still, but as the boiling point is approached a slight agitation 

* This method was employed by T6ry (‘ Annalee do Chimie et de Fhys.,’ s£r 7, voL 88, 
p. 488), Hie values are 1040* C for sine and 8100* C for copper. 

t Of Hutton and Patterson, ‘Trane. Faraday Soc.,' voL 1,No 8, p 187 

$ The tall oruoible employed sets es a redox condenser, so that the quantity of metal 
does not rapidly decrease. Moreover, comparative experiments proved that wide 
venations in the height of the metal had no influence on the boiling point indicated, 



898 


Mr. H C. Greenwood. An Approximate [Apr. SO, 

of the surface is observed which soon becomes vigorous. In the ease of mart 
of the metals studied, the difference between the temperature indicated when 
a gentle agitation is first apparent and that at which the ebullition has 



Fio 1 —Resistance furnace, constating of vertical carbon tube electro-coppered at the ends 
and soldered into brass castings, provided with watei circulation at A and B. 
Temperature readings taken down the side tube of carbon, fixed into a brass tube 
with a window at the end, a current of hydrogen being admitted at C The whole 
furnace was packed m crushed wood charooal, while a thin walled graphite crucible 
contained the metal to be studied 

Scale 1 6 

become so violent that globules of metal are being ejected from the top of the 
tall cruoible does not exceed 100° By taking the boiling point as that 
temperature at which ebullition becomes decided, quite concordant results 
were obtained m different experiments, as will be seen from the detailed 
measurements in three experiments with silver, given below 
From the study of a large number of metals in this manner, it appears 
probable that the temperature at which the vaporisation becomes sufficiently 
rapid to cause a deoided projection of drops from the surface may be 
with fair approximation as the boiling point, in the three experiments quoted 
this temperature is 1955 s , 

The question as to whether the temperatures measured on the outer surface 
of the crumble really indicate sufficiently accurately the actual temperatures 
of the metal is certainly an important one. Measurements made up to 1500° 
in comparison with a thermo-element indicate that the d i ffe rence is not very 
great, but in order to obtain further confirmation and attempt to use of 
a somewhat different method of measurement, an apparatus as shown in 
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fig 2 was employed Here the heating is effected from the inside by a rod of 
carbon, an annular crucible containing the metal, and the temperature being 
read on the outer surface of the crucible as before, thus reversing the effect 
of errors in temperature measurement due to the thermal conductivity of the 



Fio 2 —Annular crucible turned out of graphite, heating being effected electrically by 
means of the central carbon rod, which is supplied with current from the two thick 
graphite rods. The crucible is fixed inside a long wide carbon tube surrounded by 
Kleeelguhr, and temperature readings taken through a side tube, just as with the 
apparatus shown 111 fig i. 

Scale S 0. 

cruoible walla, and altogether removing any possibility of reflexion of the 
radiation from the hotter surface of the heating tube. 

Experiments made with lead proved a olose agreement between the results 
obtained by the two methods, but all attempts to obtain limi ta tion of the 
temperature of the outer wall whilst the metal was boiling, and when the 
heating rod was maintained at an excessively high temperature, proved 
abortive, 

The current of hydrogen which was passed through the side tabs at (he 
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furnace {shown in fig. 1) was found to have quite a marked influence on the 
ebullition of the metaL If the current of hydrogen is stopped when the 
metal is gently boiling ebullition ceases Moreover, when nitrogen was 
employed instead of hydrogen, the temperature readings were ooncordant in 
similar experiments, but were always considerably higher (50° to 100°) than 
those obtained m a hydrogen atmosphere 

This curious and unexpected effect appears to be due to the ease with 
which hydrogen permeates the crucible walls, removing and diluting the 
column of heavy vapour If, after interrupting the admission of hydrogen 
for a brief period, the stream be restarted, it can be distinctly seen, on 
looking down the crucible, that the vapours above the metal surface are 
immediately dislodged by gas passing through the crucible walls Using 
a slow current of nitrogen, on account of its much higher density, the values 
obtained are practically the same os if no gas at all were admitted. 

A large number of measurements were made m a nitrogen atmosphere and 
the results are indicated below, but it seems probable that the values 
obtained with hydrogen approximate more olosely to the boiling points of 
the metals at atmospheric pressure. 

The use of a graphite crucible is naturally limited to such metals as do 
not appreciably combine with, or dissolve, carton under the conditions of 
the experiment As will be seen, modifications have to be introduced in the 
ease of other metals. 


Temperature Measurements 

Throughout this investigation the temperatures have been measured by 
a Wanner pyrometer sighted on the outer wall of the crucible containing tbe 
metal This was made possible by the provision of a side tube as shown in 
fig 1, the tube being kept free from vapours by a current of hydrogen 

In order to ensure the accuracy of the temperature readings, the current 
passing through the standard lamp of the pyrometer was carefully adjusted, 
an ammeter being included in the lamp circuit Comparison with a thermo¬ 
element up to 1500° C (using the correction for the difference between tbe 
optical and thermo-electric scales of temperature)* showed that the tempera¬ 
ture scale provided with the instrument closely concorded with the 
measurements of the thermo-element. 

In order, however, to render the results capable of subsequent correction, 
the pyrometer was standardised by measuring the * black body " tempera¬ 
tures of the melting points of platinum, rhodium, and indium These 
metals, which were specially prepared of a high degree of punty by 
* Of Buvgess, * Ttaoa Amer. Etactmehem. Boa,’ rol 11, p. 247. 
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Messrs. Johnson, Matthey, and Co, were need in the form of strips 4 mm. 
wide by 8 cm long, and were heated electrically, the pyrometer being- 
sighted upon them 

The individual values, as measured with this pyrometer under identical 
conditions to the measurements for the boiling points, were aB follows 


Platinum 

Rhodium 

Indium 

1545 

M&O 

1&5 

1560 

1656 

1985 

1555 

1680 

£096 

1545 

1680 

1990 


1680 

£035 

Mean 1561 

1678 

9006 


Holborn and Henning* give the following "black body" values of the 
melting points -—platinum, 1545°, rhodium, 1650° , indium, 2000° 

In view of the fact that suoli fixed points can readily be determined, andf 
consequently the relative accuracy of the measurements given in the present 
work may be conveniently checked, it has been thought best to publish the 
results as they were obtained, without correction, it being clearly understood 
that the temperatures are all given on the optical scale 
The only correction introduced is a deduction of 20° from the values in 
the summary for temperatures below 1500°, as these were determined without 
any absorption glass before the pyrometer and standardisation under these 
conditions indicated this difference of 20° 

The main object of the investigation was to obtain approximate values for 
the boiling points measured under olosely similar conditions, and thus clear 
away the uncertainty of the published data, which m several cases amount* 
to some hundreds of degree* In order to obtain more accurate results, it 
remains to introduce rehnements in the method which it was impossible to- 
adopt m an attempt to extend the work over a large number of metals 
Copper —Practically the only determination previously recorded of the 
boiling point of copper is that of F<5ry,t his value being 2100° G Warten- 
berg,? from measurements of the vapour densities of the metals, and by 
observing at what temperatures they begin to assume the gaseous state 
rapidly, deduced approximate values for the boiling points of a few metals * 
he classes oopper with tm and aluminium as probably above 2200° O. 

* Sitxungeber K. Akad. Wist. Berlin,* 1906, vol. 18, p. 811 

♦ ' Amulet de Chimie at de Physique,’ e&f 7, vol, SB, p. 4SB (1908). 

t 1 Z. Mr anorg Chemie,’ vol W, p 990 (IB08). 
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When measurements were made by the general method described above 
the different stages of the vaporisation were sharply indicated, a very dear 
surface of the metal being \isible throughout 
The following results were obtained for electrolytic copper at intervals of 
several months, the atmosphere being hydrogen, which was admitted through 
the sighting tube for the pyrometer 


First gentle agitation 
of surface 

Decided ebullition 

Violent ejection of 
material from 
the crucible 

2250 

2800 

2850 

2800 

2820 


2280 

2820 

2400 

2280 

2276 


2276 

2320 | 

2876 


Boiling point Moan approx 2810° 


In nitrogen, as explained previously, the readings are considerably higher, 
the first agitation of the surface occurring at 2430°, decided ebullition at 
2450°, and violent projection of material at 2475° 

An examination of the copper subsequent to the experiments indicated 
that a small amount of carbon had been dissolved, and, upon cooling, given 
up m the form of graphite 

Tin —Carnellej and Williams* attempted to measure the boiling points of 
some metals by suspending above the surface of the highly heated metal small 
iron or fireclay tubes containing metals of known melting point, they record 
the boiling point of tin as between 1435° and 1505° C.,t and state that it 
boils very well and is more easily volatile than lead 
Wartenberg^ on the other hand, gives a probable value above 2200° C 
Moissan’s experiments indicated that tin is less volatile than copper 
In the direct measurements made by the method described, the surface of 
the molten metal remained very clearly visible and the different stages were 
sharply indicated The following values for tin were obtained in a hydrogen 
atmosphere 

In nitrogen the first general agitation of the surface occurs at 2220°, 
ebullition at 2350°, and violent projection of material at 2400°. 

On subsequent examination, the metal did not appear to have been 
appreciably affected by the carbon. 

* Cbrnelley sad Williams, 4 Journ, Chem. Boo/ 1676, p. 563. 
t ALP of nickel and iron, 
t Loc* mt 

VOL, LXXXn.—A. 2 X 
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1 First gentle 

1 agitation of the 

| surface 

Decided 

ebullition 

Violent ejeotion of 
materiel from 
the crumble 

2160 

2§7S 

2320 

2100 

8250 

2800 

2160 

2250 

2800 

2210 

2295 

2860 

2200 

2270 

2840 

2160 

2270 

2820 

2170 

2250 

2800 


Boiling point Mean approx 2270° 


Silver .—The value deduced by Wartenberg* from his vapour density 
determinations is 2070° C With silver assaying 99 9 per cent the 
following results were obtained in hydrogen, the readings being very 
concordant 


First gentle 
agitation of the 
surface 

Decided 

ebullition 

Violent ejection of 
material from 
the crucible 

1900 

1&5 

1*6 

1915 

1066 

1076 

1916 

I960 

2000 

1900 

1066 

2000 


Boilmg point Mean approx 1056° 


Silver is apparently very little affected by the carbon with which it wae 
in contact at these high temperatures 
In nitrogen the first gentle agitation oocuxs at 2020°, ebullition at 2050* 
and projection of material at 2075° 

Lead —Oarnelley and Williamsf give the boilmg point as between 1435* 
and 1505° C, whilst Wartenberg estimated it at 1580° C 
With Merck's “extra pure” lead, the following direct determinations were 
made in a hydrogen atmosphere — 


First gentle 
agitation of the 
surface 

Decided 

ebullition. 

Violent ejection of 
material from 
the crumble 

1*6 

1*0 

1586* 

1476 

1606 

1640 

1470 

1640 

1680 

1476 

1626 

1600 

1475 

1626 

1670 


Boiling point M«tut approx 1686°. 


* Loo. ml, 


+ Loo, eit. 
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In nitrogen the first gentle agitation of the surface commences at 1625°, 
boiling is distinctly visible at 1570*. and projection of material at 1600°. 

Bismuth —Carnelley and Williams found the boiling point to be between* 
1084° and 1435° C, Barus,f by extrapolation from the values obtained at 
low pressure, gives as the approximate boiling point at atmospheric pressure 
1550° C 

Using Merck’s “extra pure” bismuth, the following readings were 
obtained in hydrogen, the surface of the metal being somewhat obscured! 
above 1425° C by the condensing metallic vapours After the experiment 
the metal seems to be quite unchanged 


First gentle 


Violent ejection of 

agitation of the 
•urfaoe 

ebullition 

matenaljfrom 
the crucible 

1415 

1435 

1460 

1400 

1425 

1480 

1420 

1450 

1000 

“* 

1460 

1500 


Boiling pout Mean approx 1440* 


In nitrogen the values deduced are 1450° for agitation of the surface 
1500° foi boiling point, and 1530° for violent boiling 
Antimony —Several measurements have been recorded Oarnelley and 
Williams state that it lies between 1084° and 1435° G, Menschug and 
Meyer} abo\e 1437° C, and Blitz and Meyer § 1500° to 1700° 

Although the observation of the surface of the metal is m this case 
rendered somewhat difficult by the clouds of metallic vapour, the readings 
were fairly consistent 

The metal employed was Merck’s “extra pure” antimony, and was 
apparently little affected by carbon after prolonged boiling 


First gentle 


Violent ejeotion of 

agitation of the 
•urfaoe 

ebullition. 

material from 
the crucible, 

1420 

1455 

1600 

1400 

1460 

1470 

1425 

1470 

1610 

1425 

1460 

1806 


Boiling point. Mona approx. 1460?. 


In nitrogen the corresponding values were 1480°, 1530°, and 1670*. 

* M.P of ooppor and mok«L 

t Baras, “ Bull 17 B Geolog Survey, No 103,” 'Amor. JouroL Sol,’ (8), voL 46, p. 838 
V} Ifenschtng and Meyer,' Annalen,' vol 840 (1887), p. 817 
| Kits and Meyer, * Bor,' 88, No. 1 (1889), p. 786. 


2 I 2 
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Boiling Point Determinations of Metals which readily Carburise 

In these eases very great difficulties were encountered which for long 
made it impossible to obtain even roughly concordant results Numerous 
attempts were made to apply the magnesia tubes of the Berlin porcelain 
factory as crucible materials, but even with very gradual heating they almost 
invariably cracked bofore the boiling point of the metal had been reached 
Eventually, after further fruitless efforts with magnesia and thona, a method 
was devised to “ brasque ” carbon crucibles with highly shrunk pure magnesia,* 
although still many of the experiments proved failures owing to the break¬ 
down of the lining Only the results of these experiments in which the lining 
remained free from cracks, and m which none of the liquid metal had come 
in contact with the carbon, were considered suitable for the purpose in view 
The graphite crucibles were 15 cm long and 2 5 cm internal diameter, a 
thick paste of the finely powdered magnesia, mixed with saturated magnesium 
chloride solution, was placed m the tube, and by means of a wooden former 
a uniform lining 2 mm thick was obtained After drying slowly at 200° C, 
the crucible was placed in the furnace, and the temperature gradually raised 
to about 1700° C, hydrogen chloride being given off copiously during the 
process It was found that the minimum nsk of the brasque cracking was 
secured by adding the charge of metal, after allowing the crucible only 
to cool to about 1300° C., the experiment being performed immediately 
afterwards The magnesia brasques prepared in this mannet ' remained 
perfectly hard and coherent after heating to 1800° C, and even when 
subjected to 2500° C Some trouble is caused by the fact that at about 
1700° C the magnesia begins to leact with carbon, giving a dark grey 
sublimate. This action is, however, not sufficiently vigorous to seriously 
interfere with the observation of the metal, except, perhaps, at the high 
ebullition temperature of iron 

Aluminium —Deville stated that aluminium was not volatile at a white 
heat, and recently Wartenberg has estimated that the boiling point lies above 
2200° G. In consideration of the facility with which this metal vaporises 
in vacuo, and also from observations on its behaviour in the electric furnace, it 
was suspected that this value was considerably too high 

In addition to its great affinity for carbon, another difficulty encountered 
with aluminium is the tenacious surface film of oxide which always covers the 
molten metal 

On gradually raising the temperature of the brasqued crumble with its 

* Prepared by heating pure calcined megneaa, peeked around a carbon sod main¬ 
tained at a high temperature by peaaing through the rad an electric oomat 
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charge of aluminium (about 3 cm. deep), there is no vuble notion of tin 
surface of the metal, and no marked sublimation until 1700° is reached. At 
1790°, as read on the outside of the crucible, a sudden very vigorous agitation 
of the surface is observed* in some cases the metal frothed right up the 
crucible, and globules of metal were ejected very freely from the top of the 
crucible, a marked noise being also noticed 
To estimate the error due to the low thermal conductivity of the lining, 
the boiling points of silver and copper were determined under similar oondi- 
tions in lirasqued crucibles The values obtained, however, were practi- 
oally the same as those indicated above, so that no correction appears to be 
necessary We may therefore fix the boiling point of aluminium as approxi¬ 
mately 1800° The metallic residue m the crucible, in all experiments which 
gave a definite indication of ebullition, was found to be only very slightly 1 
carburised 

How greatly carburisation affects the ebullition can be judged from the 
fact that aluminium heated in an unbrasqued graphite orucible to 2100° 
shows not the slightest sign of boiling 
Manganese —The difficulties m this case were even greater than with 
aluminium, on account both of the higher temperature of vaporisation and 
of the marked corrosive action, of the metal upon the magnesia brasque 
Consequently only a few of the numerous experiments proved successful. 

The metal employed was Merck’s “ extra pure ” fused manganese, which 
was found to be free from aluminium The different stages of the boiling 
were quite clearly defined owing to the absence of any surface film A slight 
agitation of the surface was apparent at 1850°, ebullition-at 1900°, and at 
1950° the metal vapour was burning at the top of the crucible with a large 
yellowish flame 

The boiling point may be given approximately as 1900® 

In an unbrasqued crucible no marked vaporisation of the metal was 
obtained at 2200°, thus showing the great effect of carburisation. 


First gentle agitation 
of surface 

Decided 

ebullition 

Tory Tigoms 
ebullition. 

I860 

1875 

0 

I860 

1000 

— 

1800 

1890 

1926 


Chrwmvm .—In this case also the brasque is to some extent acted upon by 
the metal, but fairly definite observations could be made, showing the* 
agitation of the surface to commence at about 2178° and boiling at about* 
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2250°. In an uubrasqued crucible no marked volatilisation is observed 
At 2500°.' 

Magnesium —Until recently the measurement of Ditto,* who found the 
boiling point to be 1100°, has not been seriously thrown m doubt, but 
Wartenberg’st published results group magnesium with copper, tin, and 
aluminium, with boiling point above 2200° It is difficult to see to what 
this uncertainty is due In a graphite crucible, steady ebullition is dearly 
visible at 1100°, and measurements made with a protected thermo-element 
immersed in the molten metal indicate a well defined constancy of tem¬ 
perature for some minutes about 1120°, the metal distilling off There 
seems little reason, therefore, for classmg magnesium with metals of high 
boiling point. 

Iron .—With iron of 99*9 per cent, purity, ebullition was found to set tn at 
About 2450° Observations of the surface were rendered difficult by the 
products of the reaction between the magnesia and carbon, which at this 
high temperature is veiy vigorous The carbon content of the metal after 
the experiments was under 01 per oent. 

Conclusion 

Subject to the corrections which may be necessary when the temperature 
aoale has been more accurately fixed, the following approximate measure¬ 
ments may be given of the boiling points as determined in the present 
investigation *— 


Aluminium 

1800 

j Lead 

leas 

Antimony 

1440 

Magnesium 

uso 

Bismuth 

1420 

Manganese 

1900 

Chromium 

2200 

Stiver 

less 

Copper 

2810 

Tin 

3370 

Iron 

2400 




'Some of the incidental expenses of this research have been borne out of 
ithe funds provided by the Government Grant Committee of the Boyai Society 
I wish to express my indebtedness to Dr. B S Hutton for his continual 
interest and advice dunng the progress of the work. 

* ‘Couptes Rendus,' voL 73 (1871), p 108 
t Loo. oil. 
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On Electrostatic Induction through Solid Insulators. 

By Prof. Hakoijj A Wilson, F R S„ King's College, London. 

(Received May 16,—Read June 17, 1909 ) 

The following paper oontains an account of a series of experiments on the 
variation of the capacity of condensers having solid dielectrics with the 
potential difference and the time The influence of temperature on the results 
has also been investigated It is not proposed to give any detailed account 
of previous work on this subject here A very full list of papen is givpn m 
a paper by Schweidler entitled “ Studien uber die Anomalien un Yerhalten 
der Dielektnka," ‘ Ann der Physik,' No 14,1907, p 711 
Let A and B be two guard nng parallel plate condensers, the dielectric 
in A being air and in B any insulator Let the two guard rings be 
permanently connected to earth, and the two small plates permanently 
connected together Suppose initially the large plates and small plates are 
connected to earth, the small plates then disconnected, and then the large 
plate of the oondenBer B raised to a potential + V and that of A to a 
potential —V After a time t, measured from the instant at which the 
plates were charged, the total oharge q on the small plates will be given by 
the equation 

(V+e) C—(V—c) C'+eC" = q, 

where C is the capacity of the condenser A, C' that of B, C" the capacity of 
the books of the small plates and their connecting wire, and e the potential 
of the small plates. The charge q will be very small if the dielectric in B 
is a good insulator, and we may put it equal to JcW't, where & is a constant 
approximately Hence 

V(C-C')+e(C+C'+C")«*VC'<. (1) 

Suppose, now, another experiment is done in which both large plates are 
charged to the same potential v, and let the resulting potential of the small 
plates be e' just after charging the large plates, then 

-t>(O+C')+«'(C + C'+C")aB0 (2) 

O' is a funotion of t, but it does not vary very much, so that if C" is large 
compared with C+C' we may take C+C'+C" to be constant without 
sensible error, in which oase (1) and (2) give 

°7c-( 1 +$)/( 1 -,V*) <*> 

When t is large O' will vary very slowly with the tune, so that then k can 
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be found from the variation of « with the time. Then knowing k, C'/C can 
be found as a function of the time. 

If during an experiment C is altered to C+«, then we have 

V(C-C')+«(C+C'+C") = Y (C—-0')+V*+/(C+«+C'+C"), 
where /is the potential of the small plates after the change in 0 Hence 



Thus so long as / is small compared with V, the difference between e/V and 
//V will be independent of / This enables a change in C to be allowed for 
very easily 

For a particular value of t equation (3) shows that C'/C depends on e/V, 
so that if C' is independent of V then e/V should be independent of V 

If th« two condensers are of nearly equal capacities, e will be small 
compared with Y, so that we may make Y large, say 500 volts, and measure 
e with a quadrant electrometer to, say, 0*01 volt. This will enable vaiiationa 
in C' of 1 part in 10,000 or more to be measured The experiment 
described provides therefore a sensitive method of determining small 
variations in the Capacity of B 

The apparatus used is shown diagrammatically m the figure A large battery 
B of small secondary cells was connected through a reversing commutator 
K to two megohm resistances Bi and B* m series The guard rings of the 
two condensers were connected to the junction between Bi and B, The 
large plates of the condensers were connected as shown respectively to 
the battery endB of the resistances The small plates were connected 
together and to one pair of quadrants of a quadrant electrometer £ The 
other pair of quadrants was connected to the guard nngs and to the cose 
of the instrument The two pairs of quadrants could be connected together 
by means of a wire dippiug in a mercury cup P The point of junction 
between Bi and B» was connected to earth through the gas mains, while the 
battery and the other parts of the apparatus were well insulated. The 
potential difference due to the battery was indicated by a Kelvin’s multi* 
oellular electrostatic voltmeter Y. 

The oondensen were contained m a water-jacketed copper oven, provided 
with a temperature regulator, whioh maintained the temperature constant 
within one-tenth of a degree The air condenser was specially made to fit 
into the oven. Its guard ring was a square brass plate, which fitted into the 
oven like a shelf, The large disc was mounted on the guard ring, and oould 
be moved up and down parallel to itself by means of a screw and nut. The 
nut oould be turned slowly by means of a worn worked by a rod passing 



40 


1909.} Induction through Solid Insulators. 

through a hole m the oven door. The other condenser was plaoed a few 
centimetres below the guard ring, so that the two small plates were opposite 
each other, and the wire leading to the electrometer was passed through an 
ebonite plug fitted into the door of the oven. 

The electrometer was put up close to the oven door, and the wire leading to* 
it and the mercury cup key were surrounded by metallic screens 
The method of making an experiment was as follows —The two pairs of 
quadrants were connected together, and the battery disconnected so that. 


B 



everything was at zero potential The apparatus was left m this condition 
until all residual charge from previous experiments had disappeared. When 
this was the case, on insulatiug the small plates and their pair of quadrants 
the electrometer needle remained steady. The battery was then connected at 
a time determined with an accurate chronometer, and the electrometer reading 
was noted at subsequent times The air condenser was adjusted so that the 
average electrometer deflection during the time m which the observations 
were made was as small as possible. When once the air condenser was 
adjusted, a complete senes of observations with different potentials was made 
without altering the air condenser The oven was kept at a constant 
temperature day and night The sensibility of the electrometer for potential 
differ mice was determined with a standard cadmium cell. It was usually 
about 150 seals divisions per volt. 
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Experiments on Ebonite. 

A plate of ebonite was first used tot the condenser B It was 16 cm 
square and 13 cm thick Both sides were coated with thin silver foil, and 
an annular strip of this, 1 mm wide and 5 cm in diameter, was out off in 
the middle of one side The strip of bare ebonite thus exposed was covered 
with paraffin wax, whioh was found to improve the insulation considerably 
Contact with the silver foil was made by means of platinum-tipped springs 
pressing tightly against it 

The following table contains the results of a senes of experiments at 
30° 2 C. Column 1 gives the times to the nearest hour at which each experi¬ 
ment was begun. Column 2 gives the temperature, which remained very 
constant Column 3 gives the potential difference maintained between the 
ends of the total resistance Columns 4 to 12 give the values of — e/V at a 
senes of times in minutes. Thus each honzontal row contains the results of 
a senes of measurements of the potential of the small plates at different times 
after charging up the large plates The values of —e/V are given in voltB 
per thousand volte — 


Table I 


Time 

Tempera¬ 

ture 

2V 

a 

2' 

4' 

V 

< 

w 

16' 

20' 

86' 

80' j 

hour* 

8 

°C 

80*16 

Toltfl 
+ 180, 

s as 

696 

644 

412 <882 

8-00 

128 

0*72 

-0*12 

4 

80-17 

— 120 

828 

688 

mm 

864 

2 62 

100 

0-80 

-0*60 

-116 

ft 

8015 

4 880 

864 

IE® 

6 62 

4*04 |800 

180 

0-96 

026 

-040 

22 

8017 

-280 

982 

768 

644 

612 

412 

804 

216 

144 

020 , 

28 

8018 

+ 482 

— 

— 

[El 

488 

<872 

2*64 

1*64 

0*96 

044 , 

24 

80*16 

-482 


— 

684 

448 

848 

228 

140 


0*12 

71 

8014 

+ 980 

““ 

— 


— i — 

2 92 

2 24 

166 

092 

72 

80*18 

-986 

— 

— 

— > 

— | — 

8*00 

2*12 

140 

0*76 , 

74 

8020 

+ 120 

986 

rJTm 

6-82 

624 

462 

826 

210 

168 

104 

78 ! 

80*19 

-120 , 9 46 

6*10 

689 

678 ! 4 20 

840 

2*96 

1*78 

114 | 

77 

8017 

+ 280 

9*96 

70S 

I1M 

6 40 

460 

844 

264 

2*04 

164 

96 

80*17 

-280 

10-16 

866 

716 

678 

14*96 

892 

8*06 

246 

196 

96 

80*20 | 

+ 460 

964 

842 

692 

6*62 

1470 

860 

2 76 

2*08 

160 

97 

80*20 1 

-480 

974 

888 

678 

646 

|462 

886 

262 

160 

120 

98 

80*18 

+ 932 

— 

— 

706 

674 

1488 

8*62 

8*04 

286 

164 

100 

80*18 

-982 

— 

— 

708 

668 

! 4 74 

8*64 j 888 


162 

Mean 


9-8M 

7 844 

6412 

6066 j4-098 

8-682 

212 




Between 72 and 74 hours the capacity of the air condenser was altered in 
order to ,get the electrometer deflections when using large potentials on the 
scale for a longer tune. The alteration diminished —e/Y by —346 volts 
per 1000 volts, so I have added this quantity to all the values of —e/Y after 
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72 hours. The results m the table are therefore for a constant capacity of 
the air condenser. The values of — e/Y are given instead of +e/Y because 
nearly all the values of +e/V are negative 
An inspection of this table shows that —e/Y is nearly independent of V, 
but it varies with the time m two ways It diminishes with t, the tune m 
minutes, since the condensers wore charged in a particular experiment and 
also it increases with the time (given in hours), since the senes of experiments 
was begun The second variation is very slow, so that it is soarcely 

appreciable m under about 10 hours Each vertioal oolumn can be divided 
into four groups containing results got at times only differing by a few hours, 
so that we may take tho means of the results in each group The following 
table contains these means — 


Table II 


Time 

r 

2' 

4' 

7' 


16' 

20* 

26' 

80* 

Mean. 

hours 

4 

8 40 

6 98 

fi 42 

3 04 

2 '94 

1 60 

1 0-82 i 

O 14 | 

-0 06 

3 30 

23 

9 82 

7 88 

« 12 

4 76 

3 78 

2 66 

1 74 i 1 DO 

0 20 

4 168 

74 

9 00 

8 06 

fl 74 

6 48 

4 44 

3 20 

2 42 

1 70 

1-08 

4 746 

97 

9 92 

8 48 

a 08 

6 00 

4 76 

3 62 

2 84 

2 16 

1*60 

5 114 


For eaoh value of t, —e/Y increases nearly equally with the time The 
mean increase per hour during the first 19 hours is 0 046, during the next 
61 hours it is 0011, and during the next 23 hours it is 0016 Since this 
slow increase is nearly the same for the different values of t we can separate 
the two effects and take the meanB of the numbers m each vertical oolumn 
in Table I to give the vanation of e/Y with t and the means of the numbers 
in eaoh horizontal row in Table II to give the elow variation of e/Y with the 
time 

When e/ V is negative the air condenser has the greater capacity, so that it 
Appears that the capacity of the ebonite condenser was slowly diminishing 
relatively to the capacity of the air condenser 
The value of v/e' was found from the following results*— 


v in volts 

Electrometer deflection 

Deflection per volt 

8*3 

130 

16*66 

12 6 

194 

is as 

30*4 

320 

u« 


Menu . J 

10-62 
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The electrometer gave 342 divisions with 2*04 volte. Hence 
v l e> — rarara * 10 ‘ 74 * 

For the purpose of calculating the slow variation of the capacity we may 
take C'/C = 1 + 2 ev/e'V. Substituting the mean values from Table II in this 
formula gives the following numbers — 


Tune in hours 

! 4 

1 

23 

74 

97 

070 

0 020 

0 010 

O 696 

0 890 


Thus the ratio of the capacities of the condensers diminished by about 
4*2 per cent in 93 hours This variation was probably connected with the 
fact that the temperature had recently been raised from about 15° C to 
30° C The variation is more rapid during the first 19 hours than after- 
wards After the temperature had been kept at 50° C for several days the 
variation of the ratio at 30° C. was again examined The following values of 
c/V were obtained Each number is the mean of several observations with 
different potentials *— 


Tuns in hours j 

__ _1 

O 

20 

47 

♦ e/V volts per 1000 j 

1 48 

1 58 

1 71 


In this case e/V was positive, so that the ebonite condenser had the greater 
oapacity, and the increase of e/V with the time shows that its capacity was 
increasing relatively to that of the air condenser It appears, therefore, that 
after the temperature has been raised the capacity of the ebonite condenser 
falls slowly at constant temperature for a long time, while after a fall of 
temperature its oapacity slowly rises This effect is probably analogous to 
the slow variations which take place in the volume of a thermometer bulb 
after a large temperature ohange. 

This variation of the ratio of the two capacities might be due to a 
variation in the capaoity of the air oondenser The distance between the 
plates of this condenser was 2 9 mm. dunng these experiments on ebonite. 
If this altered by 01 mm this would account for the 4 2 per cent, change in 
the ratio of the capacities. The oondenser was rigidly oonstruoted, so that it 
does not seem at all likely that this oan be the explanation of the variation 
To test the working of the apparatus some experiments were tried with two 
air condensers. The second one consisted of a shallow brass box, the top of 
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which was closed with a thick ebonite plate This plate carried a brass disc 
inside the box and about 3 nun from the bottom The bottom of the box 
and the disc formed the condenser plates* A win 2 from the disc passed 
through the ebonite plate and was surrounded by an earthed guard ring 
to preveut leakage from the box to the disc across the ebonite This 
condenser was made special!) rigid It was put m the oven at 30° (J instead 
of the ebonite condenser, and the adjustable air condenser was adjusted until 
no deflection was obtained with —930 volts There was then a deflection of 
about three scale divisions in one minute with + 950 volts The electrometer 
gave 170 divisions for one \olt With +472 volts the deflection was about 
two scale divisions m one minute After 24 hours —950 volts still gave no 
deflection This experiment shows that the capacity of the adjustable air 
condenser remained constant to within about 2 parts m 10,000 during 
24 hours, although just before the experiment it was cooled down The 
variation was at least 50 tunes less in this experiment than with the 
ebonite condenser, which seems to show that the variation was really due to 
the ebonite and not to the air condense! I have since related this 
experiment with the two air condensers, and found that the ratio ot their 
capacities did not vary by 1 part in 100,000 in 90 hours at constant 
temperature 

The vanation of the capacity with the time of charging will now be 
consideied 

The mean values of —c/V given m Table I were plotted on square papei 
and a cuive drawn through them Tangents were very carefully drawn to 
this curve, and from the inclinations of the tangents the following values ot 


—yj were obtained 


Tune in smnutea 


2 

3 4 

6 

1 ! i 

10 J 

15. 

20 

25 

80 

101 £K) 

2 88 

i 

1 00 

i 

0*686 0 68 

O 40S 

© 

S 

0 276 

0 190 

O 154 

0 184 

0 116 

«\ v/ 

2 84 

i 

1-92 

1 *94 2 16 

2 21 

2 82 

2 88 

2 25 

228 

2 85 

2 28 


The lost row contains numbers got by subtracting 094 from the values of 
10»!(-$) in the seoond row, and multiplying by the times These 
numbers for the laiger times are nearly constant, so that it appears that 
J~| — 0-00004 is inversely proportional to the time since the condenser 

was charged. After a long time the rate of vanation would therefore be 
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0*00004 per minute, so that this may be taken to be the effect due to the- 
eonduotion through the ebonite. Adding 0 00004 1 to the values of —e/V, we 
get what should be the values of —e/V, which would have been obtained if 
the ebonite had insulated perfectly The following table contains these 
corrected values of —e/V in volts per 1000, and the values of C'/O deduced 
from them by meanB of the equation 

C' _ 1 + 10 74 e/V 
C 1-10 74 e/V’ 

which is got from (3) by putting m the value found for v/e' and 1x0 
The fourth column contains values of C'/C calculated from the formula 

C'/C = 07874+0115 log (1+0 


Time in 
minutet 

-«/v 

(Corrected ) 

cr/o 

(Found ) 

07 o 

(Calculated ) 

1 

9 844 

O 6175 

O 6220 

a 

7 924 

O 8429 

0 8428 

4 

0 572 

0 8678 

0 8678 

7 

5 886 

0 8915 

0 8918 

10 

4 492 

0 9070 

0 0072 

15 

8 632 

! 0 9270 l 

0*9280 

20 

2 020 

| 0 0890 ! 

0 0894 

25 

2 416 

0*0491 

0 9602 

80 

1 982 

i 0 9581 ; 

1 j 

0*9680 


If the capacity of the ebonite condenser is put equal to 1 when t m O 
its capacity at any subsequent time is given by the equation 

C » 1+01461 logjo(l+0, 

which agrees with the values found to about 1 part in 1000 from 2 to 
30 minutes 

The variation of the capacity with the time cannot be represented at all 
exactly by a formula like A+B(l—«"•*), for this makes the rate of variation 
proportional to instead of to (1 + <) -1 . 

Sehweidler* found that the rate of variation of the capacity of some of 
his condensers was proportional to t- % where n was a constant. His values of 
n were less than unity 

Txouton and Bussf found that the current due to the recovery of the 
residual charge of oondenaers could be represented by the formula 
C m a/(t+b), where a and b are constants This gives for the total ohatge 
recovered in a tune (,Qsa log (l+</6) 

* Lot eit 

t 'Phil Msg,' May, 1907. 
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A senes of experiments was done on the ebonite condenser at 40° C 
After raising the temperature it was necessary to slightly alter the capacity 
of the air condenser The following table contains the mean results obtained. 
The conductivity of the ebonite was not appreciable 


Time (£) in 

1 minuten 

-e/V 

Volt* per 1000 

C'/C 

(Found ) 

C'/C 

(CM oulntod ) 

1 5 

16 24 

0-7028 

0*6969 

2 5 

13 90 

0-7809 

0-7881 

IS O 

10 24 

0 8016 

O 8067 

7 5 

7 68 

O 8476 

O 8402 

12 5 

4 66 

0 0046 

0-9072 

1 17 5 

2 62 

0 0462 

0-0467 

' 22 5 

1*06 

0-0774 

0 0767 

| 27 5 

- 0 12 

1 002 

1-001 


The last column contains numbers given by the equation 
C'/C m 0 5811 + 0 2886 log (1 +f) 

Putting C' = 1 when t =* 0 gives 

C' = 1 + 04965 log(l + 0 

It appears, therefore, that the capacity vanos with the time 3 4 tunes as 
rapidly at 40° C as at 30° C 

Another set of measurements was made at 50° C, but at this temperature 
the insulation between the small plate and the guard nng was not perfect, 
so that reliable results could only be obtained for times of charging up to 
about five minutes The following table contains the mean results 
obtained — 


Time (#) 
in minute* 

-#/v 

C'/C 

C'/C 

(Calculated ) 

1 

1 

16 2 

0 708 

0-708 

2 

11 4 

0 781 

0 778 

4 

7*0 , 

0 869 

0-864 

7 

2 6 ! 

0*946 

0-046 


Thus at 50° C the capacity varied as much in 7 minutes as in 
15 minutes at 40° C 

The last column contains numbers given by the equation 
CYC = 0582+0*404 log (1+0, 
which gives, on putting C' as 1 when 

O'* 1+0693 log(l+0 
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Paraffin Wax 

A paraffin wax condenser was substituted for the ebonite one It had a 
capacity about three times larger It was found that with the wax the 
deflection of the electrometer was simply a linear function of the tune after 
charging This was taken to mean that the capacity did not change 
appreciably, and that the increase m the deflection was due to a small 
conduction current The increase amounted to about 0 006 volt per minute 
with 500 volts, but was nearly independent of the potential difference This 
makes the conductivity of the paraffin with 500 volts about 10“ w 
The electrometer deflection for t = 0 was found by producing the straight 
line drawn through the points representing the observed deflections The 
following are Borne of the results obtained in this way at 30° C — 


j Potential in volts 

0 m volts 

Wv 

I C'/C 

! 60 

0 060 

0 000033 

1 0003 

118 

0 126 

0*00100 

1-0106 

247 

0 242 

0 000982 

1-0008 

, 403 

0 470 

0*000954 

1 0065 

Mean 1 

i 

0 000082 

1 0098 


In this case the capacity was independent of the potential to about 
1 put t in 2000 

At 40° C similar results were obtained The leak amounted to about 
*0 036 volt per minute, and again was nearly independent of the potential 
difference The conductivity therefore increased six times for a rise of 
10 ° C 

At 50° C the leak was 0 2 volt per minute with 60 volts, 0 23 with 120, 
043 with 240, and 06 with 480. The current was therefore nearly 
proportional to the square root of the potential difference 

Quartz 

An attempt was made to work with a condenser having a plate of 
crystalline quarts cut perpendicular to the optic axis for its dielectric. The 
quarts, however, did not insulate sufficiently well, although It was very 
carefully cleaned and embedded m highly insulating paraffin wax The leak 
was through the quarts, not over its surfaoe. 
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Sulphur 

A series of measurements was made with a sulphur condenser at 30° C. 
The following are the mean results — 


Tune (f) 
in tninutea 

-e/V ! 

(Volte per 1000) | 

i 

C'/C 

(Found) | 

C'/C 

(Calculated ) 

10 

l 

16 12 i 

0 870 

0 880 

16 

0 82 

0-028 

0 028 

20 < 

4 12 1 

0 008 

0 072 

26 

-0 84 | 

1-007 

1 -007 

30 

-4-8 ■ 

1 -040 

1 040 


The last column contains the numbers given by the formula— 

C'/C a 0 743 + 0 65 log (1 + //16) 

Making C' = 1 when Csfl, this gives 

C' a 1 + 0875log(l + f/16) 

The capacity of the sulphur condenser increased by 18 per cent, from 
10 to 30 minutes The ebonite condenser at 30° C increased m capacity 
6 5 per cent m the same time The conductivity of the sulphur was not 
appreciable 

Conclusion 

The experiments described above show that foi a definite time of charging 
the capacity of a condenser is nearly independent of the potential difference 
The variation is not more than 1 pait m 1000, and is probably really 
much less than this Small variations appear to occur, hut they are 
evidently due to slight temperature changes or to the after effects of the 
previous chargings There is consequently no reason to suppose that 
anything of the nature of true hysteresis exists The capacity is a function 
of the time of charging, and in the case of ebonite and sulphur varies from 
5 per cent to 20 per cent in the course of half an hour This large 
variation of the specific inductive capacity of sulphur and ebonite makes 
these substances very unsuitable for use os insulators m experiments m 
which exact electrostatic measurements are to be made, unless care is taken 
that the total capacity is large compared with the capacity due to the 
insulation. 

The capacity (O) at constant potential difference (V) is given very 
approximately by the formula— 

0 es C 0 {1 + B log (1 

* 

where C# is the initial value of the capacity, t the tune of charging, and fi 

VOL. LXXXIL — Jl 2 F 
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and p ate constants. The following table contains the values found for B 
and p .— 


Dielectric 

Temperature | B 

P 

JEbomte 

°0 

30 | 0 1461 

1 

M 

40 0 4966 

1 

II 

50 0 698 

1 

Paraffin wax 

0 

— 

Sulphur ; 

80 0 876 

0*0626 


The constant p appears, therefore, to be independent of the temperature 
The charging current or V dC/dt is equal to VC 0 B/(<+l/p) Sohweidler* 
determined the charging current with a galvanometer, and considered that 
it was proportional to t~ n , where n. was rather less than unity. I find that 
his results for glass can be represented fairly well by a formula of the 
type a/(t+b) The following are his results for a glass condenser:— 


Time 

(<> 

UMOonda ( 

1 

Current 

<y) 

(f +10) jr 

io ! 

16 

820 

20 

10 

800 

30 

6 6 

264 

60 , 

6 1 

806 

80 i 

8 1 

279 

100 i 

8 0 

380 

160 j 

2 O 

820 


The currents in the above table are those due to a constant potential 
difference of 300 volts After 900 seconds the condenser was dmrwnnected 
from the battery and connected directly to the galvanometer, when the 
following currents were observed — 


i 

<y) 

(*+W)y 

10 

16 

860 

20 

9 8 

294 

30 

7 8 

292 

60 

6*0 

800 

80 

8*9 

861 

100 

8 1 

841 

160 

2*0 

820 


Here t is reckoned from the instant at which the condenser was 
to the galvanometer If a condenser is charged at constant potential for a 

* Loc a t 
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long time and then discharged through a galvanometer, then the discharge 
current should, according to Pellat's theory as geneiahsed by Schweidler * be 
equal to the charging current Schweidler’s results show that this is approxi* 
mately true If we assume this, then according to my results we should 
expect the discharge current to be given by the expression VCoB/G+l/p), 
which is of the same form as that found by Trouton and Bussf to represent 
the results of their experiments on the discharge of condensers They did 
not determine the absolute values of the constants in their formula* 

The apparatus used in these experiments was purchased with a grant from 
the Government Grant Committee of the Royal Society, to whom, therefore, 
I wish to express my indebtedness A great many preliminary experiments 
with different forms of apparatus were tried, and muny long senes of observa¬ 
tions were taken and rejected before the results described above were obtained 
My thanks are due to my assistant, Mr H G Martyn, B Sc, for the great pains 
which he took with these long and tedious experiments 

* Log. at. t Log at 


2 F 2 
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1 This paper deals with the measurement of, dielectric constants by a 
method which, though simple, does not appear to have been previously 
employed in the same form Ellipsoids and cylinders accurately cut from 
crystals and other insulating matehal are suspended between flat plates con¬ 
nected to an alternating transformer supplying a sinuous electrification of 
1500 to 2000 volts amplitude, and the period of small swings of the suspended 
rod or ellipsoid, with and without the field, is observed From these 
measurements the dielectric constant can be found 
The method is capable of a high order of accuracy, and the results 
obtained agree closely with the beat of previous determinations, especially 
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those made by Hopkinson for different varieties of glass It also lends itself 
to work with liquids, and some examination can be made of the polarisation 
of dielectrics in a unidirectional field. 

The several methods which have been used m the measurement of the 
dielectric constants of insulators are fully described by Gray* and by 
Winkelmann f A complete bibliography of the subject is given by the 
latter and by Landolt and Bornstem { In most of those methods recorded, 
observations have been made of the change in the electrified state of charged 
plates when the dielectric substance is introduced between them Boltzmann 
determined the constants of solids by measuring the translational force on a 
small sphere suspended m a field of force of known intensity, and Quincke 
those of liquids by the tension and pressure caused m them by electrification 
In the foregoing the dielectric was in every case at rest, and with the 
exception of Boltzmann’s experiments, the effecls obsened have been 
external to the oell containing the dielectric The method now to be 
described differs from these in that the dielectric is ellipsoidal or cylindrical 
in form, and makes small oscillations about a position of symmetry in line 
with the field 

The apparatus is really a condensei, with a portion of its dielectric free to 
move The electrostatic field was maintained m sine wave alternation at a 
frequency of about 80 a second, the oscillations of the rods never exceeded 
one a second By the use of an alternating field, the influence of “ elastic 
afterworkwg " and of conduction currents are avoided, and the conditions are 
more nearly those for which the constants are usually required 

After some preliminary experiments, a short reference to the method was 
made in an inaugural address § It waB found later that Beaulard was at 
the time of the early experiments investigating the dielectric constant of 
water by enclosing it m a hollow glass ellipsoid suspended in a field main¬ 
tained by the usual spark device in a state of oscillation at two million 
alternations a second His value is very interesting, and is probably of the 
nght order, though the experiment did not aim at a high degree of accuracy || 
The differences between the recorded values of the constant K are not 
on the whole to be explained by differences of composition In view of 
the importance of itB accurate determination under alternating fields of 
low frequency or infinite wave-length, the following measurements were 

* * Absolute Measurements in Electricity and Magnetism,’ vol 1, chap VII, § 8 
t 1 Handbook dsr Physik * (8te Auflage), vol 4, (1), pp. 98—160 
t Landolt and Bttrastein,* Pliys. Tabellen,’ Tab 840. 

( 1 Journal Inst. Eleo. Engrs.,’ 1906, Part 176, vol. 36, p. 186 

|| * Science Abstracts, 1 Ho 9097, November, 1905, * Revue Electnqoe,’ August 30,1905 
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made, in which the solid ellipsoids and cylinders used were worked into 
shape with all possible care Great puns were taken to obtain a steady 
voltage, and to constantly compare it with a standard unidirectional voltage 

The points in the paper which perhaps call for special note are the small 
mass of substanoe used, in the solids not exceeding a third of a gramme 
and in liquids a tenth of a gramme, the close agreement between theory and 
experiment in § 5, and the practical method adopted of dealing with 
cylindrical specimens. 

2 The restoring couple npon a dielectric ellipsoid with its axis inclined to 
an electrostatic field of force is a quadratic function of its dielectric constant * 
When the ellipsoid is freely suspended by an elastic fibre, the couple may be 
measured by the rotation of a torsion head required to bring the body to any 
fixed angle with the direction of the field, or by the penod of small oscillations 
about the position of rest. The motion in the latter ease ib that of a 
“ quadrantal pendulum,” the restoring moment of which reaches a maximum 
at an angular displacement of 45 degrees The general theory of this motion 
has been given by Thomson and Tait.f and a solution for large amplitudes by 
Greenhill^ but in the above case there is, in addition to the polarisation 
couple, that of the elastic control 

From measurements of the couple, the dielectric constant can be found 
in terms of the strength of the field, the dimensions of the body, the 
constant of the surrounding medium, and the time of oscillation or angle of 
twist of the suspension fibre 

When the medium is air or vacuum, the method is absolute in the 
sense that the constant is determined from one set of measurements 

The equation of motion of a quadrantal pendulum under torsional control 
and with negligible damping is 

10+ad+5sin0cosd = 0 , ( 1 ) 

where I is the moment of inertia about the axis of suspension, a the 
restoring moment of the suspension per unit twist, and i sin 9 cos 6 the 
polarisation couple, & being the angle made by the longer axis with the 
undisturbed field. 

In the cose of on isotropic dielectric whose constant is K in a of 

constant K* 

where V is the volume of the body, F the intensity of the field in electro- 

* Maxwell, ‘ Electricity sad Magnetism,’ toL £, §§ 437 et too. 

+ ‘ Natural Philosophy, 1 voL 1, g 328. 

} 1 Application* of tee Elliptic Functions,’ A G GreenhiU, p Ute 
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static unite, L and N coefficients depending only upon the shape of the 
body. 

In the case of a prolate ellipsoid of eccentricity e* 

L = 2irQ— log j i the transverse coefficient, 

N ss —lVilog the longitudinal coefficient (8) 

When the oscillations are so small that the square of the amplitude may 
be neglected, 

W+(a+J>d = 0 

The period is therefore 

T = 2 'Vtb)- 

\ 

and (a + i) as 

The free period T 0 = 2ir v /(I/a) l so that 

a s= 4ir*?to a I and b =s irr 2 ^*—7io a )I 
Hence from equation (2) 

(K-K 0 )*FV(L-N) „ „ *\ r 

{4w+L (K—Ko)} {4ir+N (K—Ko)} “ 4 ^ ( "* )1, 

which gives 

(K—Ko)® fcN>-LN}_(K-Ko)4w(L+N)-16w* = 0, 

( 8 ) 

the equation by which K is determined when Ko is known In this 
F*/ (a*—wo*) is the term denved from the movement of the ellipsoid, the 
other terms are found from its dimensions and mass 
When the amplitude is so large that the period is sensibly increased, this 
must be reduced to the case of infinitely small swings. 

Writing 6 +£ 0 + ^ sin 26 * 0, (8) 

and with an amplitude «, we have 

t “ cos 2«)-a0»+J&cos 2d} 

Expanding cos 26, and rejecting terms from 6* upwards, we have for the 
period 


<*> 

( 6 ) 

( 6 ) 

(7) 


where 


*/8d*+d»)’ 
0-S^+l), y*8(|«*+sin»«) 

* Vuk Maxwell, loc ett 


( 10 ) 

(U) 
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Wntiog ^ = ?“%-*/{*-'')■ 

-w(?)r7o^’ 


(IS) 


where sin ^ and & = pjq 

For indefinitely small amplitudes y, and therefore k , are zero, and in this 
case 


For finite amplitudes 


P ~ V0’ T “ 4 2 


(13) 


F( ’* M tl4) 

m which sm 17 = A-, and the square of the frequency of oscillation reduced to 
indefinitely small amplitudes ib therefore 


Hi* sss 7l a - 


which for most practical purposes may be written 


:}■ 


(15) 


* 1 * = »*(1 +( 16 ) 

The value of 0 upon which l depends, itself requires a knowledge of b 
If it is impossible to work with small amplitudes this is a real difficulty, but 
if, as in the following experiments, the swing rarely exceeded 5 degrees, the 
reduotion to zero amplitude may be omitted in a fiist approximation, 
and b calculated from equation ( 6 ) This value may then lie used to find 0, 
and the reduotion made os above If a still closer approximation is required 
the prooess may be repeated 

The logarithmic decrement of the motion was in most oases 0*06 The 
correction of the square of the frequency for this increases it m the ratio 
(l+X*/**), that is 100036 

The experiment then consists in observing n, no, and F, correcting n for 
amplitude and damping, and inserting the value of F*/(»*—n«*) in equation ( 8 ), 
to calculate the value of K 


Arrangement of Experiment 

8 . The ellipsoids were suspended by a quartz fibre, about 0*001 out. 
diameter and 30 om long, between square braes plates b, b held apart by 
glam distance pieces g, g at their corners (see fig 1 ) and enclosed in a g 1 *— 
vessel having a thick glam top carrying a suspension tube, torsion h «sd . and 
circular scale. To reduce damping and to accelerate the drying of the 
specimens the vessel was in most of* the determinations to 
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a vacuum of 700 mm and a dish of phosphoric anhydride placed at 
the bottom The sue of the plates and their distance apart were chosen 
after trial with the stream line method* to determine the best proportions of 
the field under the distorting influence of the ellipsoids With dielectric 
ellipsoids 2 cm long a convenient distance is 6 cm. apart, with plates 10 cm 
square. At this distance the feeble induced charges on the suspended body 
wore, as shown by tho results obtained for flmt glass and quartz, insufficient 



Fw 1 —Testing OH 


to change the distribution of electricity on the plates by any appreciable 
amount. At 4 cm apart the period is mci eased by a few hundredths of 
a second. When, however, a metallic ellipsoid of the same size is placed in 
the field it is necessary to space the plates 10 cm apart to reduce its 
reaction on them to less than a measurable amount The motion of the 
specimen was observed by reflexion from a mirror into a telescope having an 
eye-piece with five cross wires radiating from the centre at angles of 


* Hslft Shaw sad Hay, 4 Phil Trans.,' vol 190, sw A, pp 307—327 
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10 degrees apart. They were set with regard to the field by focussing the 
central one upon the ellipsoid brought to rest in a strong field of foroe. 

The potential difference between the plates could be raised to 10,000 volts 
obtained from a small oil-cooled transformer In order to get very steady 
voltages the steam end of a 24-kilowatt Parsons turbogenerator was dis¬ 
connected from the generator so that the latter could be ruu independently 
as a motor Slip nngs were fitted over part of the commutator, and the 
machine driven from large storage cells as an inverted converter (fig 2). 



Fig 2 —Arrangement of Apparatus 


B, storage battery. 

8 , motor starter 
M G, motor generator 
A A, alternating current dip rings 
S R., switch of current regulator 


T, step-up transformer 
H R, 99,000 » resistance 
G, hot wire galvanometer 
R., standard resistance, 100 
T C, testing chamber. 


All alight flickering of the alternating voltage which had previously given 
trouble was in this way avoided, the maximum variation of pressure during 
several minutes—the time of observation of the penod of the ellipaoida* 
being, as a rule, one part in 800. 

Difficulty was for some time experienced in obtaimng readings of the 
voltage consistent to 01 per cent Several forms of voltmeter were toed 
without success. The means eventually adopted was to connect a high 
resistance across the terminals in series with a Duddell twisted ato p 
ammeter which was enclosed m a metal case surrounded by It ^a, 

found neoemery, on aooount of the influence of slight changes of temperature 
upon the readings, to calibrate with direct current before and after set 
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of observations with alternating current When this was done very 
consistent readings were obtained 

Working by the method of oscillations the period was increased by air 
resistance to the extent of about 4 parts in 1000 The damping m every 
case was so small that a correction could be made by observation of the 
logarithmic decrement as indicated in § 2 Taking this into account no 
measurable effect was found from the change of the ionised state of the 
surrounding air when the pressure was reduced to 755 mm of mercury, below 
which it was found not advisable to go on account of the occurrence of 
luminous discharge between the plates 

In working, a torsional swing was given to the ellipsoid, from the period of 
which and the known moment of inertia the elastic constants of the 
suspension were found The voltage was then applied and the new period 
found The ratio of the square of the intensity of the field to the difference 
of the squares of the frequency of oscillation with and without the field 
was the object of the experiment* 

The glass and quartz ellipsoids and cylinders were suspended by forming 
a small drop of fused Canada balsam on the quartz fibre, slightly warming 
the surface of the solid and quickly melting the drop into contact with it by 
the approach of a hot rod If the ellipsoid were then out of balance, as 
tested on a levelled mirror, the attachment was broken and the piocess 
repeated, usually a dozen or more times before a perfect suspension was 
obtained The other substances were hung m a cocoon silk saddle 

4 The substances selected for trial of the method were optical fiint glass 
of densities 4 67,4*1, and 3 3, and quartz cut parallel and perpendicular to the 
optical axis The former were chosen because their constants have been 
very fully determined, especially by Hopkinson,* and the latter on account 
of the calculations of their dielectric constants which have been made, from 
very accurate optical observations, upon the electromagnetic theory of 
dispersion Ellipsoids of revolution of each of these substances were made 
by Messrs Hilger, and, tested by optical enlargement, were found to agree so 
olosely with the true elliptic section that no difference could be measured 
between a photographic enlargement, by projection, of the ellipsoids, and 
a calculated eihftae, having the same major axis, 10 inches. 

The ellipsoids were carefully measured, their volumes and densities 
determined, and their moments of inertia compared with a standard cylinder 
of heavy glass also made by Hilger, which together with a shorter cylinder 
was used in the determination of the influence of the ends of cylinders upon 
the polarisation torque The measurements are given m Table I. It can be 

* ‘ Original Papers, 1 vol 2* 
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shown* that, on account of the low inductive constants of dielectrics, the 
influence of slight deviations from the true form does not rise in magnitude 
in the result 


Table I—Measurements of Glass and Quartz Ellipsoids 


Substance 

| Most 

Volume 

Density 

1 

Length jDiameter 

* 

N 

1 

Quartz || 

gramme 
O 1420 

c 0 

0 0584 

2 069 

cm 

2 013 

cm 

0 2235 

6 1336 

0 3018 

gmcm 2 

002918 

„ 1 

O 1401 

0*0560 

2 603 , 

2 014 

0 2311 

6 1255 

O 3182 

0-0808 

Flint glass 

0 2527 

0 0648 

4 064 

2*022 

O 2243 

6 1276 

O 8066 

0*0619 

If 

0 2368 

' 0 0673 

' 4 12 

2-006 

0 2352 

a in 

O 8292 

0-04747 

91 

0 2001 

0*0683 

| 3 34 

2-016 

0 2452 

5 846 

O 8432 

0-04800 


Quartz 


5 When a uniaxal crystalline ellipsoid is suspended in a field of force, the 
restoring couple upon it depends upon the inclinations of the optic axis both 
to the direction of the field and to the axis of suspension 
The general expression for the couple upon an seolotropic ellipsoid is, with 
the previous notation,! 


K,)+(K,-K,)(K a -K.K L-N)1 01ng . (m 

L {4ir+(K,-K«)L} {4r+(K,-K,)SrrJ * * (17) 


For an ellipsoid cut perpendicular to the optic axis this will be greatest 
when the optac axis w parallel to the suspension In this case Ki and K, 
are each equal to K.L, the coefficient of dieloctno polarisation at right angles 
to the optic axis When the ellipsoid is cut parallel to the axis, the 
coefficient of longitudinal polarisation is Kll, the transverse c oefficient. Ttl 
We proceed therefore to find first the dielectric constant for the nllipwiid ou t 
perpendicular to the optic axis 

Quarts, perpendicular to the optic axis— 

Ellipsoid—Length 2 0145 cm, diameter 02311 om.,mass 0149gramme, 
volume 0 0560 c c, density 2-66 L * 61256, N s* 0 3132, I m 0*0308 
grn.-om. s 

A senes of observations was mode with the optic axis ‘inclined to tod 
parallel to the axis of suspension, giving the following values, each of which 
is the mean of from 20 to 30 observations 6 is the angle between the two 
above axes in degrees 


* Vtdt Chryatal, ' Encjrc BriUnnio*,’ ad 0, Art “ Magnetism," p. 846 
t * Encye Britannic,' loc «#, tq (88). 
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F* 

6 

* # -»o s 

0 

189 25 

-45 

148 20 

4* 45 

141*90 

90 

l 

141 10 


A curve of these is drawn m fig 3, the dip in which points to a marked 
change in the apparent electrical behaviour of the crystal when the 
polarisation is everywhere exactly at right angles to the optic axiB, i e , the 
condition undet which the ordinary ray is transmitted The couple on the 
ellipsoid is a maximum at this point, but the appioach to it is so sleep that 
a very slight angular displacement from the axis of suspension causes 
a marked difference in the period, A calculation of the vaiiation of the 
couple on the ellipsoid with the angle 6 shows a dip of this nature but not 
quite so steep as in fig 3 

Qwarh. J. 



The value 18925 is the mean of two senes taken with different 
suspensions, the greatest care being taken to have the axes in hue The 
average value of the first senes was 138 and of the other 140 5 It waa 
impossible to obtain perfect alignment, a difference of 001 mm on the 
circumference corresponding to an angular displacement of 4 degrees 
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The determining equation ( 8 ) for this ellipsoid is 

(13925x02676—19185)(K—Ko)*—80*91 (K-Ko)-lo79 * 0, 
from which K—Ko = 3 5490. 

Taking Ko for a vacuum of 700 mm = 0*9995, 


El = 4 5485. 


Tlie following observations were made on the ellipsoid of quartz cut parallel 
to the optic axis over an interval of six months with the same suspension m 
each case Each row is the mean of ten readings, but the pressure was not at 
this tune very steady — 


Table II 


D 

» 

PD 

F* 

T 


88 31 

O-OSOl 

1990 

1 24 

9 496 

! 0-01109 

80*65 

0-01787 

1769 

0-9801 

10 436 

, 0 009201 

88-07 

, 0-01983 

1963 

1 2069 

9 67 

! 0*01092 . 

88 87 

0*01872 

1853 

1*0750 

10*08 

0 00994 

40 80 

0-03046 

2023 

1*2816 

9 35 

1 0 01144 

81 SO 

0-01801 

1783 

0*9955 

10 86 

0*00931 

41-78 

0-03087 

2066 

1 8872 

9 187 

l 0*01185 

87-98 

0-01988 

1969 

1 2129 | 

1 

! 9 563 

I 

j 0*01096 

l 


F* 


136*06 
184 44 
138 84 
138 88 
184 48 
184 62 
134 62 
184*02 



! 184 84 


Here D is the observed hot-wire galvanometer deflection, t the correspond¬ 
ing current, P.D the potential difference across the plates, F the electrostatic 
intensity of the field calculated from the voltage, assuming “ v n — 3 x 10 “, 
» the frequency of swing 

In order to reduce »* to the frequency for zero amplitude, the reading 
nearest to the mean is taken, that is the seoond row in the table, we have 
then from equation ( 6 )— 

a — 4w* x 0 02912 x 0 00191 a 0-00219, 
b a 4w*x002912(0009201-0001910) a 00083605, 
and from ( 11 ), 

0«8(o*S + l)* 37857, 

7 a 3 (0-2619 x 0 004873 + 0 0048658) a 0-01846 
Thus 7 / 0 * a 0 018426/14 3814 a 0 001285, 

and by (16), 

a* a 0009201 {05+^(025-0001285)l" 1 /1+4 ° 5 ~V(025-0-001286)^ 

' * v D+■/(<) 26—0*001286)/ * 
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that is 7i* as 0‘009216 This is increased to allow for damping in the ratio 
1*00036, giving finally m* = 0 009218 The corresponding value of F*/(»*—»o*) 
is 13411 The influence of the correction has been to reduce the above 
quantity in the ratio 13411/13444, that is 0*9974 Applying, now, thiB 
reduction factor to the mean value 134 34, we obtain finally 

Wo*) as 1340 

Measurements of the ellipsoid gave 1 = 0 02913, V = 0 0534 c c, 
L m 6*1336, N as 0*3013 Thus, from equation (8), 

(1340x0 2716-1848)(K—K 0 )*—8086 (K-K«)-1679 = 0, 
from which (Ki—K 0 ; = 3 6073, giving finally, with K„ = 0 9995 and 
KJL= 45485, 

Kll = 4*600. 


It is interesting to compare these results with those obtained from optical 
data by the Ketteler and Sellmeier dispersion foimula— 


K „=lt*- 


_Mi_ . Mj . _M*_ 


where K. is the dielectric constant for exceedingly long waves, ft the mdex 
of refraction at wave-length X, Mi, M*, M # , constants derived at the wave¬ 
lengths Xi, A*, X 3 , at which selective absorption ocours These constants have 
been found for quartz by Rubens and Nichols,* using a bolometer as a detectdr 
of waves coming from an Auer burner, reflected several times from the 
surfaces of quartz blocks, and separated by a grating From their results 
the following values were obtained— 

Xj« 0 1031, X,= 8 85, X,® 2075 

Mi = 0 01065, M, = 44 224, M, = 713 55, 

the wave-lengths being in 10 cm 

If ft is taken for the I) line, and for the ordinary ray the formula gives 
£(ord.) sb 4578 

The above values of the constants Mi, M a , Ma are usually quoted as being 
appropriate to the ordinary ray The constants for a similar dispemion 
formula for the extraordinary ray have not been calculated, but if ft is 
taken for the D line and for the extraordinary ray we get as an estimate 
K (ext) se 4 6065. 

The above formula has recently been slightly modified by Maclaunn,f who 
has worked out the constants for rocksalt and sylvm but not for quartz It 


* ' WwcL Annvol 60, p 418,1897 
+ 4 Hoy Soe Proa.,’ A, vol 81, p. 367, IMS 



Prof. W. M. Thornton. 


434 


[Apr. 28, 


is probable that the value 4 6065 would be reduced in conformity with hu 
treatment by as much possibly as 0 2 per cent. 

In comparing results obtained from optical data with those derived from 
direct electrical experiment, the electuo polarisation must be in the some 
direction in both cases Since the electrical polarisation in a light wave is 
transverse, values of K calculated by the above formula, using the index of 
refraction lor the ordinary ray, obtained by the transmission of light along 
the optic axis, correspond to those found directly by exposing the quarts to 
an electric field at right angles to the axis Thus K(ord) as calculated 
should agree with KJL, and K (ext) with Kll. We have 


Observed 

Ciilcalated 

KJ. 4 648 

K ord 4 578 

K|| 4 600 

£ ext 4 ‘00b 


It may be remarked that the mean of the observed values of KJL and Kll, 
which is 4572, agrees better with the value of the corresponding constant in 
the dispersion formula than KJL 

There are two further points bearing upon the agreement of the observed 
and calculated values which must be considered The expression “ at right 
angles to the axis ” does not specify the precise direction within the crystal 
in which the cutting was made The value KJ. is therefore subject to a 
possible variation of a small fraction of 1 per cent from the mean A gain , 
the composition of quart/ is known to vary, but fine clear crystals are pure 
silica Both Nichols and Bubens, and also Hilger, remark that the crystals 
used by them were very fine, and the agreement indicates that the molecular 
state was very nearly the same in both cases There is no recorded investiga¬ 
tion ot the influence of change of composition on the dieleotnc constant of 
quartz, but judging by the small difference between the constants Kll and 
K±, it would be smalL 

At the end of the paper, values of K obtained by Pelhnger, Ferry, Curie, 
and Bomich and Nowak are given, the mean of which for Kll is 4 66 and 
for K± 454 


Fused Quartz. 

The density of fused quartz is about 0 86 that of crystalline In order to see 
how the dielectric oonstant depends upon density as distinct from structure, 
an ellipsoid was made of quartz, carefully fused and perfectly clear It 
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had the following dimensions. diameter, 0 2291 cm , length, 2 003 cm., moss, 
01265 gramme, volumo, 0 055 c c , L = 6 125, N = 0 311, density, 2 30 
The mean value for F*/(»*—«« a ) was 162 25, from which 

(162 25 x 0 316-1*904) (K-K 0 )»- 80 82 (K-Ko)-157 9 = 0, 
giving K—Ko = 2 78 and K = 3 78 

The ratio of this to the mean of Kl I and XX is 0*826 The change in the 
dielectric constant is from this about 4 per cent less than the corresponding 
change in density m keeping with the fact that the influence of the crystal¬ 
line structure in quartz upon the dielectric constant is comparatively small 

Flint Ghm 

6 . The dielectric constant of flint glass lias been very fully investigated by 
Hopkmson,* using a guaid-rmg condenser 

It is common in modern optical work to use a hoavy flint glass of density 
about 4 67 Its departure from Maxwell's law K = /** is great, but its laige 
dielectric constant renders it a suitable material foi a standard dielectric 
ellipsoid to be used m alternating fields of low frequency 

In order, however, to make a comparison over the whole range of 
Hopkmson’s research three ellipsoids wore made ol densities 4 65, 41, and 
3 3, the measurements of which are given in Table J 

For the first, diameter 0 224J cm , length, 2 022 cm , mass, 0 2527, 
volume, 0 0543, L = 6127b, X = 0 3065, T = 0 0319, the moan of many 
observations of F 3 /(»*—»«*) corrected for amplitude and damping gave the 
value 83 57 
We havo then 

(8357 x 0 1643 —1872)(K—K 0 ) 3 —8084(K—Ko)—1579 = 0, 
from which K-K„ = 9 645 

In this experiment the vessel was not exhausted, so that 
Ko = 1, and K = 10645 (A = 465) 

In order to fix the position of the curve between the densities 3 66 and 
45, the ellipsoid of density 412 was made, the measurements of which 
gave— 

Volume = 005786 cc, 1 = 004747, L = 6117, N = 03292 

The mean value of F*/(n*—« 0 S ), corrected as before, was 87-6 at a frequency 
of 87 5 Thus 

(87 6 x 01776-2 013) (K-Ko^-Sl 0 (K-Ko)-157*9 = 0, 
giving K = 8*62 (A = 4*12), 

* 'Flifl. Trans., 1 Fart 1, 1878, pp. 17—S3, Fart II, 1881, pp 866—373. 

VOL. LXXXil— A. 2 O 
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The ellipsoid of light flint glass, of density 3 34, melting point €74° 0, had 
Volume sb 0 0633 c c, I s 0 04360, L = 6 848, N = 0 3432 
The mean value of F a /(rt*—«o a ) was 94 65 at a frequency of 86 
Thus for this glass 

(94 66x02054-2007) (K-K 0 ) S -778(K-K 0 )-1579 » 0, 
from which K = 6 # 98 (A = 3 30) 

Comparing these values with Hopkinson's, there is seen to be very close 
agreement in the dense glasses, but not with the light glass, the difference 
in that case being 23 per cent In working with light flint glass the 
composition and melting point must be known in order to make a fair 
comparison, because of the possibility of obtaining the same density by a 
variation of the proportions Hie composition of the heavier glasses is more 
closely fixed by the proportion of lead required to give the gxeater density 
The symmetry of the curve of fig 4 shows that tho variation of density 



Fig 4-—Variation of the dielectric constant of flint gloss with density 

was obtained by a systematic change oi the proportion of lead,* and while 
the curve is valuable in itself, especially near the origin, there must always 

* Vuk Hopkmson, loc . at 
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be a possible variation of several per cent, in the value of the dielectric 
constant of light flint glass from different makers at any given density 
7 The curve m fig 4 is parabolic and agrees very well with 

= (18) 
where d is the density, K the dielectric constant, and Ki s= 6 61, 
di = 2*89, b =s 1 2965 

The density, 2 89, is that of nearly the lightest flint glass made From 
this to the value 4 65 the change of the dielectric constant is proportional to 
the square of the change of density 

The relation between K and /a which is shown by fig. 5 is also a quadratic 
function expressed by 

(19) 

ui which Ki = 6 61, fi\ = 1 549, c = 95 6 



Fio 5 —Dielectric constant and index of refraction Flint glass 

The following table gives corresponding values of d, K, and and the 
derived values of c-— 


2 a 2 
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Table III 


d 

K 


e 

2 8(7) 

6 01 

1 549 

_ 

8 2 

6 72 

1 6838 

65 

8 66 

7 3(7) 

1 6847 

95 

4 12 

8 52 

(1 690) 

96 

4 50 

9 89 

1-736 

65 

4 05 

10 046 

(1 768) 

66 9 


From (18) and (19), 

= 9(d—<h)> ( 20 ) 

in winch m sb 1649, d\ = 2 89, y = 01155 

The value 2 89 has been taken rather than 2 87, for the zero of the curve 
of density is nearer the former value, and if Hopkmsun’s experimental 
determinations of a m the empirical relation* 

ft—l s= a+ bf (\) 

are'drawn with respect to the density, the density corresponding to « = 0 549 
upon a stiaightmean line is 2 89 

The value 01155 of the coefficient g was calculated fiom Hopkmson’s 
experiments, being the slope of the a, d lino, but from 18, 19, and 20, 
9 - \/(P/o) 

If for r the last figure in the foiegoing table is taken, 

0 =-/%? = 01156 

Movldt.d Ellipsoids 

8 Many substanoes for which the dielectric constant is lequired in 
practice cannot be conveniently worked when hard, but may be moulded 
Paraffin wax, shellac, and gutta-percha are examples To deal with these a 
mould was made by preparing two blocks of lead 1 x 2 x 4 cm Between 
these a steel ellipsoid, 3 cm long, was placed, and the blocks crushed 
together in a powerful press A semi-ellipsoidal cavity was in this way 
formed in each. Castings could not be made by pouring into the mould on 
account of the smallness of the cavity and the difficulty m removing air 
bubbles The substances moulded were all of a kind which becomes p l asti c 
on heating They were therefore warmed until, when placed between the 
plates and pressed, they took the form of the mould, any excess 
squeezed out between the blocks. These were then separated and the oToetw 

* ‘Eoy Soc Proo.,' No. 188, pp 1—8,1877 
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removed, the blocks warmed, and the process repeated until no excess was 
found On being removed they wore then very fair ellipsoids, but m every 
case required trimming by scraping away of some excess along the joint 
Substances which, like sulphur or resin, have a relatively high melting point, 
solidify quickly, and adhere to the mould even when smeared with oil or 
glycerine, could be more conveniently prepared by forming into cylinders, as 
described in §§ 13 and 16 

In every case great care had to be taken to thoroughly dry the specimen 
and the containing vessel The latter was kept warm, and when it was 
necessary to admit air in order to remove the specimen after a test, this was 
done through tubes of phosphorus pentoxnle When moisture was suspected 
the specimens were always allowed to stand for several hours in the alter¬ 
nating held and m vacuo , in order by the internal heating caused by dielectric 
hysteresis to help to dry the surface 

Pm a pin IVcu 

9 Moulded ellipsoid of pure clear wax of density 0 914—Melting point 
55° 8 C, diameter 0 2895 cm, length 2 93 cm , volume 0141 c c, moment of 
inertia by comparison with standard glass cylinder 0 0007 gm cm* mass 
0 1290 gramme, eccentricity 0 995, L = 5 98, N = 0 2715, temperature 17° C, 
vacuum 700, frequency 86 The free period waB 52 5 seconds Period 
191 seconds m a held F = 1025 units. ^F a /(// J —^ a ) = 442 5 

The determining equation is 

1 623)(K-Ko y -12 506 x 0 251 (K-K 0 )-157 9 = 0, 
and K = 2*32« 

For freshly-moulded wax the highest value found was 24. Increasing the 
frequency from 60 to 84 decreased K by 0 7 per cent 

Bees-vmx 

10 Ellipsoid —Diameter 0 8194 cm, length 3 005 cm, mass 01521 gramme, 
volume 0160 c.c, density 0 951, 1 = 5 9, N = 0 30, temperature 18° 0 Free 
period 73 seconds Period 10 21 seconds m a field F = 1261 unite 

Here F , /(»*“«o®) = 169, 

and (ffi5^iil-1773)(K-Ko) J -78(K-K 0 )-167-9 = 0, 
so that E = 4 75. 

This wax, from a lemon-yellow cake, one of the Boyal Agucultural 
Society’s prise winners, was worked iu warmed moulds, and dried tn vaeuo 
over phosphorus peutoxide for a week 
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Shellac 

11 Ellipsoid —Diameter 0323 cm, length 3 lcm,iolume 0169 co, mass 

0196 gramme, density 115, moment of inertia 0 0965, L s= 5 92, If = 0 3019, 
temperature 17° C, Free penod 40 4 seconds Period G92 seconds in field 
F sb 116 units = 66 22 

Thus ^ 147 8(K-K o )*-78 05 (K-K 0 )-157 9 = 0, 

from which E = 2*49. 

The shellac was dark oiauge flake before melting, and was carefully 
heated until only the most minute bubbles of air were found in it when 
solid Like paiaffin, shellac polarises quickly, and the higher values which 
have been obtained by previous experimentals may have been in some cases 
from too long contact 

Scaling Wcu 

12 I Ellipsoid —Diameter 0 317 cm, length 3 05 cm, volume 0 1604 c c, 
moment of inertia 01263 gm cm a , mass 0 274 gramme, L = 5 915, 
N s= 0 299 Free period 38 0 seconds Period 11 73 seconds in F — 1165 
units Y*l(n A —no 2 ) = 203 1 

The determining equation is 

769) (K—Ko) 2 —12 566 x 6 214(K-K«)-157 9 = 0, 
from which K = 4’56, at a dousitj 1 63 

In making this ellipsoid, a stick of the best sealing-wax was melted once, 
and from the plastic moss sufficient taken to foini the ellipsoid between hot 
moulds Another ellipsoid was formed from the same wax, hut the heating 
was inadvertently continued for half an hour The density of the new 
ellipsoid was 168, and, measured in the same way as above, the dielectric 
constant had risen to 5 2 The wax contained \ermilion, button lac, resin, 
and 11 mineral," about half being compounds of mercury and lead and half 
vegetable resins 

Gutta-percha 

18 This ellipsoid was made from new thin clear gutta-percha tissue 
(Silvertown best quality), dried, melted, and moulded In melting the 
tissue to a homogeneous mass, the heat was continued for about half an hour, 
and was such that bubbles formed m the plastic substance There is reason 
to believe that this heating was excessive, but the case is given as an 
example It is possible that something of the nature of carbonisation may 
have taken place 

The ellipsoid was dried for several months over phosphoric anhydride, and 
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then exposed to an alternating field of about 300 volts per centimetre for 
four hours in a vacuum of 700 mm before taking a reading. These pre¬ 
cautions were taken, on account of the high values of K obtained, to reduce 
the risk of the presence of moisture 

The measurements were— 

Diameter 0 317 cm, length 2 952 cm, volume 0147 c,c, mass 1 35 grammes, 
density 0 92, L = 5 9, N = 0 30 Free period 50 6 seconds, Period m a held 
F = 1046, 7 49 seconds. F*/(7i*-nr, 2 ) = 62 8 
Hence ( * ■ - 177) (K-K 0 ) a - 78 (K - Ko)-157 9 = 0, 

giving K « 6*3 (see § 16) 

CJuttterton Compound 

14 The sample was of ordinary commercial insulating compound Its 
composition was unknown, though it. apparently consisted largely of gutta¬ 
percha and pitch 

Ellipsoid —Diameter 0 315 cm, length 2 952 cm , volume 0160 c c, moment 
of inertia 0 083gm cm* mass 01821 gramme, temperature 18° C, density 
113, L = 5 91, N = 0 299 Free period 30 85 seconds Period 10 3 seconds 
m F = 1187 units P/(«*—%*) = 151 24 

Thus 769)(K—KoP—78(K—Ko)—1579 ss 0, 

so that E = 3*98. 


DuMnc Cylimit) s 


15 Many dielectrics are difficult to shape into ellipsoids even approxi¬ 
mately true in form, which can be cast or turned to very accurate cylinders 
The electrical intensity within a cylinder in a field of force is, however, not 
uniform, and the reaction coefficients L and N have, strictly speaking, no 
definite meaning for cylinders. If not more than three-figure accuracy is 
required, as in commercial testing, it may be assumed that the polarisation 
oouple upon cylinders can be expressed by b sm 0 cos 0, where b is of the form 
given m equation (2) If the cylinder is long compared with its diameter, 
we may take the transverse coefficient L = 2 tt, the value which it has for 
infinitely long cylinders The value of the longitudinal ooeffioient N, derived 
from equation (7), is 


p _X L - 


(K-Kq) _ 

,, 4tt* (»*—M» S ) I 


16w» 


■4*L 




(K-K.) 

m" 'V . ■ * 

*+4,+(K-K.)L 


and is therefore not independent of the dielectric oonstant By measure- 
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ment of the polansation couple upon cylinders of known dielectric constant, 
a senes of empirical values of N can be obtained, covering the range of K 
required m practioe, for all convenient latios m of length to diameter 

The following measurements were made for the purpose of finding N in 
this way, and figs 6 and 7 are drawn from them 

Metallic Cylinders (K infinite) 

(a) Length 2 4.13 cm, diameter 01604 cm, in = 15 07, A = 8 72, 

L = 6 283 Free period more than 5 minutes Penod in a field 
F sb 1147, 4 44 seconds, from which F a /(»i J —wo a ) = 25 92 and 
N = 0149 

(b) Length 1571 cm, diameter 01G04 cm, m = 98, A = 872 Free 

period negligibly great Penod in F = 115, 3 98 seconds. 

= 210 and N = 0 228 

(c) Length 0 96 cm, diameter 01604 cm, m — 5 98, A = 8 72 Free 

penod over a minute Period m F = 115, 3 51 ancn nds 

F 3 /(n a —n u a ) = 16 27 and N = 0 376 

Dense Flint Class 

(a) Length 3 014 cm, diameter 0 220 cm, m = 13 68, L = 6 283, 

K = 10 75, A = 4 68 Free period 90 fa seconds Penod in a field 
F = 1174,13 61 seconds Thus P/(»i a —«o a ) = 2715, from which 
N = 0 258. 

(b) Length 2 004 cm, diameter 0 2258 cm, m = 8 88, K = 10 65, A = 4 66. 

Free period 17 51 seconds Period in F = 1219, 841 seconds 
P/(m a —•7io a ) = 136 34 and N = 0 422 

(c) Length 1 504 om, diameter 0 2189 cm, m = 6 88, A = 4 68, K. = 10 75. 

Free period (on silk suspension) several minutes. Period in F = 1147, 
8 02 seconds P/(w J —V) = 84 7 and N = 0 532 

Light Flint Class. 

(a) Length 3 009 om, diameter 0 2295 cm, m = 181, A = 3 23, K = 6 92 
Free period several minutes Period m F = 0805, 22 78 seconds. 
Thus F a /(» a —«o a ) = 336 and N = 034 
(5) Length 187 om, diameter 0 2295 cm, m = 8*14, A = 3 23, K m 6 92. 
Free penod 69 seconds Penod m F = 0853, 1426 seconds 
F•/(»*—«« a ) = 148 and N * 0 56. 

(e) Length 103 cm, diameter 0 2295 cm, m m 448, A = 3 23, K = 6 92. 
Free penod 27 6 seconds Penod m F = 0 883, 8'1 seconds 
P/(»*-n*») = 547 and N = 088 
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Paraffin Wax. 

The value previously found for paraffin wax is that foi annealed wax free 
from structure. It was found to he practically impossible to obtain cylinders 
free from initial strain The method adopted was to melt the wax and draw 
it into a short piece of barometer tube slightly warmed to prevent the wax 
solidifying at the circumference and shearing With a little practice 



m ss length/dnuuctor of cylinder 

cylinders were made, the diameter of which did not differ at any point by 
0 001 inch from the mean 

(a) Length 356 cm, diameter 0217 cm, ms 1636 Free period 

504 seoonds. Period in held F ss 1*132, 23*03 seconds. 

F*/(n*—no*) * 871, which with K ss 2 36 gives N ss 041. 

(b) Length 2*64 cm, diameter 0216 cm, ms 12*28 Free penod 

30*6 seconds Penod m field F = 1 IB, 17 seconds F*/(» a — nffi) 
= 550 and with K as 2 38, N ss 0 55. 









444 


Prof. W. M Thornton. 


[Apr 28, 


(c) Length 1'24 cm,diameter 0 217 cm,m = 6*71. Free period 10seconds. 
Period in F = 1232,6*82 seconds. F 3 /(« f —n«*) = 135 5, giving with 
K « 2 38, N = 0*95 

Fig 6 is a reoord of these experimental values of N, but in finding the 
appropriate constant to use m any particular case, fig 7 will be more useful. 
It is not necessary, however, to know any of these curves with great 
accuracy, for m working out the following tests the procedure was to assume 
any likely value for N, having regard to the dimensions of the specimen 



Fio 7 —Change of N with K for different ratios of length to diameter of oyhnder 


and the nature of the substance, and to calculate the corresponding dieleotno 
constant, then from the curves to find X for the new value of E, and in this 
way by successive approximation to reaoh a point where the changes became 
less than experimental error The use of the curves facilitates the finding 
of E by this method of tnal and error The value of N taken as 
determining that of E was usually found at the third approximation. When 
the point E, N for the given ratio m agreed with the curves of figs 6 cur 7 it 
was taken as final 
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16 The cylinders were shaped by turning and moulding That of e&omfe, 
A = 1 22, was turned from a sheet 1 cm thick of the best Silvertown 
material, and gave a value 2 79 A very clear sample of amber , A = 106, 
was turned by holding fine sand-paper pressed between the fingers upon the 
specimen, and gave 2 80 A cylinder turned from a piece of old im% 
A » 2*0, gave K = 6 9 For Canada balsam , A = 1 026, a pale clear yellow 
sample melted and cast, cooling slowly, K = 2 72 For ream, A = 1 089, 
prepared in the same way, a clear light brown sample, K as 3*09 Sublimed 
sulphur, A as 1 99, heated to melting point and cast m a gloss tube, cooling 
slowly with radial structure not reaching quite to the centre, gave 
K = 403 A gutta-percha cylinder, A = 0815, was prepared by rolling 
gently a small piece out from a rod of Silvertown “ super " quality warmed 
ovci an incandescent lamp, giving K = 4 43 A cylinder of pure soft black 
mdiarubber, obtained from the makers and tested in fields of different 
intensities to eliminate electrostriction, gave finally K = 3 08 

Olive Oil 

17 The sample had a density 0 915 at 20° It was dried by shaking with 
fused calcium chloride 

In ordei to eliminate as far as possible the influence of the necessary 
envelope, a tube was mado by rolling a piece of cigarette paper 2 cm, square 
around an oiled steel cylinder having 0 238 cm diametei The oil caused 
the three layers used to adhere by capillarity, and the tube was dipped in 
the oil and wound up tightly on the cylinder Made in this way a tube 
has sufficient stiffness to retain its shape perfectly when suspended filled 
with liquid 

The measurements were as follows — 

Length of tube 2 00 cm, diametei 0 238 cm, thickness 0 0023 cm , mass of 
tube 0 0055 gramme, mass of oil contained 0 0814 gramme, ratio of length to 
bore 83 Free period of paper tube alone 7 seconds Period in field 
0 seconds Free period full of oil 31 6 seconds Period in a field F = 1*066, 
11*06 seconds. The moment of inertia of the cylinder alone Ii = 0 001926 
and of the oil alone 0 0272 gm. cm * 

The polarisation couple is therefore 

39 4(0 0272 x 0 00718-0 0000132) = 0*00717 dyne-cm per radian 

The volume of the oil was 0 089 c.c 

Assuming by trial a depolarising factor N = 0 7, we have 

<K~ Ko)» (U2S£|^5i«-4 39) -12'56 x 6 28 (K-K*)-157 9 = 0, 

from which K = 8 * 16 . 
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The average value of all the determinations quoted by Winkelmann is 
3 106. Hopkmson found 316 The commonest adulterant of olive oil is 
oottonseed oil, which has a dielectric constant of 3 88. 

Heavy “ White ” Paraffin OiL 

18 Used for electric condensers, having an exceedingly high resistivity. 
Density, 0 885 at 27° 5 C. 

Paper tube 199 cm long, 0 238 cm diameter, mass of liquid used 
0'0787 gramme, ratio of length to diameter 8 37 Free period of tube filled 
with oil 25 7 seconds Period m a field F = 1098,1215 seconds Polari¬ 
sation couple 0 004735 dyne-cm /radian, and the equation with N = 0 71 . 

12184 (K-K„y-87 9 (K-Ko)-157 9 = 0, 
giving K = 2*55. 

For this oil /i 0 = 1484, = 2 2 

Water 

19 Proceeding as before, distilled water was enclosed in a paper tube 
2 02 cm. long, 0238 cm diametei, oi, allowing for the wetting of the paper, 
0 24 cm 

Mass of water in tube 0 0884 giamme Free period, full, 27 6 seconds. 
Period m a field F = 1075, 176 seconds. Polarisation couple 0364 
dyne-om /radian 

From this the cylinder had apparently an infinite dielectric constant, 
which means that at the frequency of 80 a second electrical conduction hiw 
tune to come into full operation. 

Collected Results 

20 For oonvenienoe of reference the results obtained in the paper are 
collected below, together with some previous determinations at frequencies, 
not widely different from those of the paper There is on the whole 
agreement between the uew values and those quoted The 

between the best previous determinations are from 2 to 6 per cent By tbe 
method of the paper an accuraoy of one-tenth per cent is obtained without 
difficulty except that of moisture or other conducting agenoy The work has 
been extended to the Blow polarisation of dielectrics in unidirectional fields. 

I wish to thank my late students, Mr O J. Williams, BSc, and 
Mr B. J M Lane, B.So, for much help, especially in the development 
of the method, and my friend, l)r T. H Havelock, for several valuable 
suggestions. 
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Table IV = 80 to 85) 


Substance 

£ 

Quarts || 

4*600 

Quartz X 

4 648, 

Fused quartz 

Flint glass— 

3 78 

A ^ 4 *05 

10 04 

A » 4 12 

8 52 

A - 8 30 

0 98 

Paraffin wax 

2 320 

Bees wax 

4‘75 

Shellac < j 

2 49 

Sealing wax 

J 4 66 \ 

16 2 J 

0utta peroha 

4 43 

Chatterten compound 

3 98 

Ebonite 

2 79 

Amber 

2 80 

Jyory 

0 90 

Canada balsam 

2 72 

Reem 

3 09 

Soft induirubber 

3*08 

Sulphur 

4 03 

Olive oil 

3 16 

Heavy paraffin oil, A -* 0 885 

2 55 

Water 

oo 


Some previous determinations 


6 06, FelUnger, 4 46, Ferry, 4 56, Curie j 
4 6, Romieh and Nowak Mean of these, 
4 66 

4 69, Fellmgcr f 4 38 Ferry j 4 49, Curie, 
4 0 Bomieh and Nowak Mean of these, 
4 54 


10 65] 

8 63 l- Hopkmaon, from fig 5 

0 82 J 

2 32, Boltzmann t 2 32, Northrup, 2 20, 
Hopkinson , 1 94, ▼ Pirani 

3 07 Cavendish 

8 04, Wmkelmann, 2 *95 to 2 *73, WuUner 

4 8 (Lupton) 

2 5 to 4 2 (Lupton) 

2 76, Schiller, 2 72, Wmkelmann, 2 86, 
Fisas, 2 65, Ferry 


3 0, Lombardi i 

2 8t, Schiller ( ? hard mw rubber) | 

4 06, Follmgei 4 00, Curie, 3 90, Bolt/- J 

mnnn , 4 2, v Pironi Mean of these, 4 03 ( 

3 10, ilopkiuson Mean of many detcnuina 

turns, 3 106 (m Wmkelmann) I 

75 to H0 ! 

_ I 
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Notes concerning Tidal Oscillations upon a Rotating Globe. 

By Loud Rayleigh, 0 M, F R.S 

(Received May 6,—Read May 27, 1909 ) 

Speculations on tidal questions are much hampered by our ignorance of 
the pecnliai influence of the earth’s rotation m any but the simplest cases. 
The importance ot this element was first appreciated by Laplace, and he 
succeeded m obtaining solutions of various problems relating to a globe 
completely covered with watei to a depth either uniform throughout, or at 
any rate variable only with latitude His work has heen extended by 
Kelvin, G Darwin, and Hough For an excellent summary, reference may 
be made to Lamb’s ‘ Hydrodynamics,’ which includes also important original 
additions to the theory 

But it must not lie overlooked that a theory which supposes the globe 
to be completely covered with water has very little relation to our actual 
tides Indeed, m practice, tidal prediction borrows nothing from Laplace’s 
theorj, unless it be to look for tidal periods corresponding with those of the 
generating forces And this correspondence, although perhaps first brought 
into prominence in connection with Laplace’s theory, is a general mechanical 
principle, not limited to hydrodynamics If the theory of terrestrial tides 
is to advance, it can only be by discarding the imaginary globe completely 
oovered with water and considering examples more nearly related to the 
facts, as was done in some degree by Young mid Airy m their treatment 
of tides m canals It is true that we are unlikely to obtain in this way 
more than very rough indications, but even such are at present lacking 
I am told that opinions differ on so fundamental a question as whether 
the Atlantic tides are generated in the Atlantic or are derived from the 
Southern Ocean Probably both sources contribute, but a better judgment, 
based on some sort of discussion on a prion principles, does not appear 
hopeless. In this connection, it is interesting to observe that a comparison 
of spring and neap tides shows that the moon is more effective relatively 
to the Bun than would be expected from the ratio of the generating forces. 
This indicates some approach to synchronism with a natural free nmul lat um 
That the approach ib closest m the case of the moon indicates the 

free period is longer than those of the actual lunar and solar tides 

Were it not for the complication due to the earth’s rotation rendering all 
tidal problems vortex problems, as Kelvin put it, questions such as this 
could be treated without great difficulty, and perhaps illustrated by models. 
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There is nothing improbable in an oscillation backwards and forwards 
across the Atlantic having a period somewhat exceeding 12 lunar horns, 
but a treatment at all precise demands the inclusion of the rotation This 
suggests the problem of the oscillations of a rotating ocean bounded by 
two mendians * 

The present paper does not profess to make more than a modest contri¬ 
bution to the subject It commences by developing further the theory 
of the free vibrations of a plane rectangular sheet of liquid, initiated m a 
former paper,* but only under the restriction that the angular velocity is 
relatively small.f Subsequently, the corresponding problem for an ocean 
on a rotating globe, bounded by two meridians, is attempted, but with limited 
success Probably a better command of modern mathematical resources 
would lead to further results 


Plane Rectangular Sheet 

If f be the elevation, u, v the component velocities at any point, the 
equations of free vibration, when these quantities are proportional to arej 


and 


iau—2wv as —gd(/d j,i 
mtv + 2 <um as —g d^jdy, J 

rPf, 4a>V _o 

dtf dtf gh 4 ” ’ 


( 1 ) 

( 2 ) 


in which w denotes the angulai velocity of rotation, h the uniform depth of 
the water, and g the acceleration of gravity The boundary walls will be 
supposed to be situated at z =e ± \ir, y = ± yi 
When a is evanescent, one of the principal vibrations is represented by 

i*o = cos x, = 0, (3) 


and (b is proportional to sm x, so that 

<r<? — gh (4) 

This determines the frequency when o> — 0 And since by symmetry 
a positive and a negative a> must influence the frequency alike, we conclude 
that (4) still holds in general so long as ta* can be neglected. The equation 
for f is at the same time reduced to 

<*»£/<&*+i m 0. (5) 

Taking «o and vo as given in (3) and the corresponding go as the first 


* 'Phil. Mag.,’ vol ft, p 897, 1908 

+ The condition ie satisfied in the ease of terrestrial lakes of moderate dimensions, 
especially if they era situated near the equator 
X Kelvin, 4 Phil Hag.,' August, I860; Lamb, 4 Hydrodynamics ’ (3rd ed.), § 900. 
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approximation, we add terms «i, V\, ft, proportional to a>, whose forms are to 
be determined from the equations 

t<roMi = —g d^i/dx, (6) 

t<T 0 vi sb —g d£\fdy—2w cos a, (7) 

* (<P/«W+ cP/df+ 1) (ft, « lf i,) = 0, (8) 


as well as £i and u h satisfying (8), since cos x does so They represent in 
fact a motion that would be possible m the absence of rotation under forces* 
parallel to v and pxoportional to coax Tins eonsideiation shows that U\ is 
an odd function of both x and y, and V\ an even function. 

The former investigation proceeded from the assumption for U\ of the form 

«i = AaBin2r+A4 8m4t-|- , (0) 

which provides foi the boundary condition to be satisfied at a, = ± Jtt, 
whatever functions of y the coefficients A 2 , etc, may be. The value ot vi 
thus obtained was 


}, (10) 

where m = 1, 2, 3, etc 

This value of may be employed to obtain a coirection to <r 0 If we 
introduce terms ih, vj. & proportional to © 8 , our equations (1) become, with 
retention of e> a , 

i 

%<t (w 0 + Ui + «s) — 2a>t i = — q -r- (ft + ft + ft), 

itr (vi ■+• ?'j) + 2d) {i‘o+ »i) = —,7 ~ ( ft -f ft), 

or with regard to the equations satisfied bj the terms with zero and unit 
suffixes, 

teKa+ifa 1 —ff U )w«—2m 1 = —qd^jdc, 
i<rva+2mui = —g d^/dy 

These are the equations that would apply to a rotaUonless sheet under 
-the action of forces parallel to sc and y proportional to t(<r—<r 0 )«<,—2«®i and 
2wh respectively, and of speed <r In order that the motion thus 
determined should be, os has been supposed, of the second order m m, it is 
necessary that these forces should include no component capable of 
-stimulating the principal motion For this purpose the force pa—iM to y 

* It will be observed that these forces are not derivable from a potential 


Vi 


cos*-? jL C0 B Mv/« y) am2x 


<T L 


7r oos y x 37r cosh ( y x ) 


+ M rJ XL cos h {yy/(4w a —1)} 
(4m a —1) it coiTi {// lv /(4wi a —1)} 
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may be omitted from consideration as operating only upon #1 Accordingly 
the condition to be satisfied is 


||{t(o-~o- 0 ) «o—2wi’i} Uodxdy sr 0, 


( 11 ) 


an equation which may be regarded as giving a correction to <r 0 

In the present case the integration, between the limits + for x an 
±y\ for y, is straightforward and we get 


«r*-eo 


64a>* f 7r a _tanyi_1_ 

u^aroulfi 2yi 1*3^ 


tanh (viv/a.3)} 

yiv/(l 3) 


1 tanh W(3 5)) 
3 s 5" y,*/(3 5) 


} 


( 12 ) 


The limiting values of x have been supposed for the sake of brevity to be 
±i<tr If we denote them by ±*i, we are to replaoe x, y, yi m (10), (12) by 
\irxjx\, \iryfx\, \vy\fx\ respectively. At the same time (4) becomes 


<Ti? 




(13) 


The method fails if yi is equal to an odd multiple of x\ It would then 
become necessary to modify the initial assumption, as formerly explained in 
treating the case of the square, and <r— <r 0 would rise in magnitude so as to 
be of the first order m <o 

Equation (12) is not convenient in its application to the case where y\ is 
very small. If we expand the tangent and hyperbolic tangents in powers of 
yi, we obtain convergent series whose sums are zero for the terms 
independent of y\ and proportional to yi a , but for higher powers of yi the 
aenes are divergent and no satisfactory conclusion can be drawn. 

I have applied (12) to calculate the value of <r—<r 0 for the case where 
yi = 1/ y'fi. For the various terms of the senes within braces involving 
hyperbolic tangents, we get (with reversed signs) 0102692, 0003200, 
0000448, 0000108, 0*000035, 0 000014, eto., giving in all about 0106510 
Also tan 2yi/2yi - 0*514368, ir»/16 * 0 616850. Hence 

<r—a o s —x000403, 
ttVo 

The inadequacy of (12) to deal satufactonly with the case where y\ is 
small led me to seek another solution. Here we assume in the first instance 
a form for t* which satisfies the conditions at y m ±y u viz, 

*i » + Atw+icos , (14) 

2 H 


VOL. LXXXH.—A. 
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where m = 0,1, 2, etc, making Di = 0 when y = ± y\ Hence, by (7), 

- 9 - ft - ?«2coa*+^BinM + . + 2j^^ ffln (2«+l)*y 

«r t<r it 2yi (2«i+l)ir 

no arbitrary Junction of X being added, since ft is odd m y 
Further, by (6), 


a it 2y\ iL t (2w + l)*r 


am (2m+l)iry dA^i 

2yx do: 


(15) 

which is to be made to vanish when x = + Jtt for all values of y between 
±y%. Now, between these limits, 


Hence, when x = J-ir, 

dAi = 2o> 4 

(ilK ff 

Now, since vx satisfies (8), 

d 2 Ajh«+x 


^A 3m+ i _ 2 g) 4( —l) m 
(Lu KT ( 2 m+l) 7 r 




<fe* ' 4yj J 

whence, i>i being au even function of x, if y x < Jtt, 

Ajm+i = Bto,+i cosh ysc, 


where 




(IV) 

(18) 

(19) 

( 20 ) 


If y>fa, (19) changes its form for one or moie of the values of m. 
In (19) B*,+i is a constant whose value is to be found from (17) We get, 
when * = $ir, 

so that finally 

v,xs— 4 coshpix co8(wy/2yi) f 
1 wr 7r pi sinh (ipiw) 


Also from (15) 


^2a» 4(—1)* coshjw: cos{(2m+l)wy/2yi) 
~Ta (2m+l)ir psinh(JjMr) 


( 21 ) 


«l 


2 an 

9 


r« B inx-^-2Ste-sina 

1. ir* smh(ipnr) 2yi 


+ - ( - 1 )" >8 y» _J“k££_ pm (2m+l)7ry 1 

(2m + 1 )V sinh (fcw) 2y/ J 


( 22 ) 


* The circumstances are such as to justify the differentiation under the sign of 
summation. (Stokes’ 4 Collected Papers,' vol 1, p *81) 
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Tho introduction of (21) into (11) gives the correction to a 0 in another 
form We find 


tr-ro = - 5 igg%L v Sg^itoslll 

- 6 ^ (2w + l)*p*m+i 


<tq ir° 


(23) 


where m = 0,1, 2, 3, etc Whatever be the value of yu pnn +i becomes 
larger as m mcreases } and ultimately coth (iirpam+i) =1 If y\ be small 
enough, this occurs even for m =s 0, and we may then omit the coth in (23) 
If, further, 1 can be neglected in comparison with pi* t we may take 

j?3«+i = (2» +1) 7r/2y b 

and (23) becomes 

1024*>V v 1 

rr* ^ ( 


<r—oo = ■ 


1024<u V x x 004fi2j 
<r 0 ir® 


(24) 


voir'’ — (2m+ 1) 6 

so that the correction is of the thud order in y%, or in yj/ict, if we replace y\ 
by its general value, viz, fynjif c t 
Com paring (12) and (23), we see that 

tany _1_ tanh{yiy/(l 3)} _ _ 7r* _ y ooth(&orya»+i) 

2y, 1® 3 s viv/(l 3) 16 or* * (2 m V ' 

If we take y\ — ^/v/3, we find from (20) a= 5 3487, so that all the coths 
on the right of (26) are nearly equal to unity The first term (m = 0) 
gives 0 0040199 and the two following are 0 0000165 and 0 0000013, so that 
the right-hand member of (25) is 0 00404, m sufficient agreement with the 
number previously calculated from the senes on the left 
So far we have supposed that the type of vibration is founded upon 
uq = cos (tyrx/xi) There is no difficulty m generalising the solution so far 
as to apply to the type 

cc ffl+J)” , (26) 


where l is an integer 


«0 
We find 


2ji 


__ 2® ^^/-t-lK-l)**" coshps cos ((2«H-l)ory/2.yi} / 27 \ 

1 2*i(2m+l) p smhpcEi ’ v ' 


where the summation relates to m, taking in succession the valoes 0,1,2, etc, 
and 


It is assumed that 


_„_(2m + l)V s (2/4-1)%* 
r * 4yj* 4»i* * 

yi< 2^T’ 


(28) 


(29) 


otherwise one or mere terms corresponding to the lower values of m will 
change their form. 


2 H 2 
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A process similar to that already employed when l — 0 gives for the 
corrected value of <r, 


<r—ao 


64w a (2/+l) a i/i a y cothjxci 
- irW ^ (2m + l)^p ’ 


«T0 


(30) 


which agrees with (23) when we put l *= 0, x t =Jir It is to be observed 
that the general value of oy> is now given by 


_, _ ( 2 f+l)W 

•" 4V ' 

so that (30) may also be written 

<r—<rp _ 256 a»*yi a y cothjxri 

ffo _ * (2m+l) l pxi' 


(31) 


(32) 


in which J does not appear directly 

There is also another class of primary vibrations in which the motion is 
parallel to x and is expressed by 

Mo *= sin (lirxfxi), v u = 0, (33) 

l being an integer For this case we find, m the same way, 

Wt ■ fg cob 1vX - am (2m+l)wy (34) 

two *i »i two irx\ m (2m+l)*oosh j pa: l 2y\ 

v, (35) 

<r 0 ^ (2r»+l)»i pcoehp»i 2yi ' 

where m takes the values 0,1, 2, etc., and 

It is here assumed that y < 21/ xi, so that p* is positive even when m m 0 
In this case «i is an even function of x and an odd function of y, while i>\ is 
odd in x and oven in y 
The value of vo* is now given by 




xj 


* ’ 


and for the correction to <ro we have 


w —erp . 

wo 


256« a yi* y tanh pzx 
wtyA ^ (2m+l)*pa;j 


(37) 


(38) 


It will not be forgotten that in this formula, as well as m (32), w* is 
neglected. 

In the examples hitherto given the primary motion (« m 0) is to 

one of the sides of the rectangle I will now take an example from the 
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square, where the primary motion is symmetrical with respect to x and y 
and defined by 

ft cos x cos y, (39) 

the sides of the square being the lines x = ±v, y = ±ir In harmony with 
(39) we get 

Uo — sm x cos y, i'n — cos x sin y , (40) 

and since ft satisfies 

we see that <r 0 3 = 2 gh (41) 

Also (d*l<W+(Pfdy*+2)(Z h v x ) = 0 (42) 

The equations of the next approximation, analogous to (6), (7), are 

w 0 tti — 2o> oos x sin y = — g tf ft jdx , (43) 

tftot 1 ! + 2a> sm x cos ?/ =r ~?dft/f/y, (44) 

and they are the same as if impressed forces 2o> cos x sin y, —2© suit oos y 
acted parallel to n and v respectively and there were no rotation From this 
we may infer that n x is even in j and odd in y, wlule la^odd in x and even 
m y 

The procedure is much the same as before We assume 

= 2V^ +1 cos £ (2 m +1) y, (45) 

where m = 0, 1, 2, etc, making = 0 when y = ± w From (43), (44) 
we deduce 

*, = £ cos * sm y+^ ^ sin ^±1 y , (46) 


so that 


0 = ^ sm y, 

^ 2m+l da, 2 ur 


since «i s= 0 when x ss ±ir 
Now, between the limits ±ir for y 


„.fi /!*,« + -Lsin&_ 

y tt (.3 2 1 6 2 (2»-l)(2m+3) 


And thus 


2 8(-l)- 

2i»+l to- 7r(2m— 1)(2 to+3) 


But V*»+i satisfies 

f^ii-<2«i±D J y fcl+1+ 2V^,*i» 0, 

and hence, being odd m «, takes the form 

V9.+1 ss Bs*+i smhjwe, 
p»a t\(2m+Vf-2 


where 


(51) 

(52) 
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This form obtains when m > 0 When m = 0, p — Jtv/7, and 

Vi-Biain (V7 *) (63) 

Using (49), (51) to determine B, we get 

„ _4o if 4 sui (Jv/7 a.) cos Jy 
Vl ~ la \.7r.3 J^/7.0os(4v/7 it) 

_ 4 (-l)»( 2 w+l)mhpr OTfl ( 2 w + l)y \ (64) 

7r(2w+S)(2m—l)2)cottiip7r 2 J 

in which the first term may be deduced from the general term by putting 
m ss 0 if we remember that 


sinh (u) = i Bin x, cosh (tx) ss cos x 


Also from (46) 

-is-Te 

*<r L 


«i 3 


cos asm y— - Bin^±1^1 (55) 

? 7r(2mt—l)(2m+3)coshpw 2 J v 7 


It is evident, however, that there must be another expression for uy 
analogous to that given for vy, and such as would be obtained by starting 
from 

♦ 'iii — SUaw+i cob J (2 m + l)x (56) 

instead of from (45) We may, in foot, interchange x and y if we reverse the 
Bign of w. Thus 


«i 


_ 4w r 
wl 


4(—l)"(2m-f l)smh/iy (2m + l)x 

7t(2to+3)(2w—!)/> coshyw 2 


} 


(67) 


In applying these results to find a correction to <r 0 , we have, much as 
before, 

i<roW S +i(<r—<r 0 )«o—2®tj *= —gd^/dx, 
t«roV9+t(<r—<r#)'P#+2«M) m —gd&fdy, 

and thus 


|| {(«■—«’o)«u+2to>»i} Modatfy+JI {(<r—<r u ) v 0 — 2uauy} %dxdy ss 0 (58) 


In accordance with what has been said, if one of these integrals vanishes, so 
does the other, and we may confine our attention to the former In the 
first place 



(59) 


In integrating we have 


oos£(2m + l)y cos ydy — 

—r 

funhjuun«<b« 


4(2m + l)(-l)» 
— (2m—1) (2m+ 3) 

2 sinhjstr 
J>»+1 


( 60 ) 

( 01 ) 


and 
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Thus 


_ _ H56m* y, (2m+1) 3 tanh pit 

°" Tr'ffo ^(2w-l)f(2in+3)»jw(j» , +l)’ 


( 62 ) 


p being given by (52). 

For calculation of the first term under the sign of summation (m = 0) the 
form must be modified We find 


_ 0 057309 

27*V7 


The most important term is the next foi which tn = 1, p = $ 
sign of summation we have 

- 33 ^? h (t 7r ) = 016816 

5® v 


(63) 
Under the 


(64) 


The following terms are 0 00166; 0 00021, and 0 00006, so that altogether 
we may take aa the sum of the terms under the sign of summation +01128 
Accordingly 

«r-<r 0 =-- X2925, (65) 

(To 

and this result, being already of the right dimensions, applies whatever may 
be the size of the square It may be remarked that the sign of the correc¬ 
tion is the opposite of that applicable to the melt, for which approximately* 

a— <r 0 = +2«®/o , o (66) 

These results are, of course, applicable only under the restriction that« is 
small compared with a, the latter quantity depending on the size and depth 
of the sheet of liquid In the case of lakes and seas upon the rotating earth, 
we have also to remember that « depends upon the latitude At the equator 
as vanishes. 

Spherical Sheet of Liquid 

An attempt will now be made to apply similar methods to the free 
vibrations of an ocean on a rotating globe, the water being of uniform 
depth h, and bounded by vertical walls coincident with two mendiane, <f> *s0 
and ^ a Using a similar notation, we have as the general equations! 


— 2av cos 6 = — ^ 

ct dv 

(67) 

i<rv -f 2anu cos 6 » — rr^TS ^ 

Ot sm v dip 

(68) 

with the equation of continuity 


«-5S? t-TT- 1 + i*; 

(69) 
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Here 6 denotes the colatitude, a is the radius of the globe; a> its angular 
velocity of rotation, u, v the velocities along and peipendioular to the 
mendian As is usual, we shall write g for cos 8 when convenient 
By (67), (68), u and v may be expressed in terms of f, and substitution in (69) 
will then give an equation in £ only When o> = 0, this equation is the 
well-known one, 




1 <P£ gV«. 

1 — g a d$> % gh 


0 


(70) 


We will suppose that the primary motion—that which would obtain if 
o> 3s 0—is represented by £«, ««, v 0l and tliat r 0 = 0, so that the pnrnaiy 
motion is wholly m latitude And we will begin with the further supposition 
that 

£o * g, = sin 6. (71) 


Substitution in (70) shows that 


ff 0 a «* *= '2gh (72; 

The motion is that which might obtain equally over the complete sphere, 
the liquid heaping itself alternately at the two poles. 

It is to be observed that, under the circumstances here contemplated, 
(70) holdB good so long as »* can be negleoted, since all that is required in its 
formation is the omission of tev and of <t> du/d<f> We wnte it m the 
fonn 

< w > 

and we observe that (73) is satisfied also by n\ and by 

sin 0+2a> sin* 6 cos 6 (78a) 

if fit, Mi, vi are the correctional terms proportional to m If we substitute 
am* $ oos 6, or n (1 —/**), in the left-hand member of (73), we get —6/* +10/**, 
so that 

- £«■-“*> <»> 

Here i’i sin 6 vanishes at the limits of ^ If we assume 


V\ sin $ ss SV n sm (wwr^/2^i), 
we may deduce for the left-hand member of (74) 

vT—Q —u*')-^2 — 1 Wl% * y , oy 



(75) 

(76) 


For the expansion of the nght-hand membei we have, between 0 and 


4 r 


..... *4 ^ 1 jJq 3tt<& , 1 
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so that for the general term 


& n dN „ 1 mV 3 

dp dp 1 -/ 4 $,' 


V,+2V m 


2w 8 (3/tt—5ft 3 ) 
to* wiw 


(78) 


m being an odd integer For even values of »i, V m vanishes. 

The complete integral of (78) comprises, as complementary function, two 
functions of /*, one odd and one even, each multiplied by an arbitrary 
constant In the present case wo have to do only with the odd function 
and its coefficient is to be determined by the consideration that V* 
remains finite at the poles (m — ± 1) A complete treatment presents 
considerable difficulties. Reference may be made to Theory of Sound, $ 338 
In the present case the n of spherical harmonics is unity, but * (=s mw/2^i) 
is not necessarily integral, still less an integer not exceeding 1 

When <£>i is small, the calculation simplifies, for then the second term on 
the left of (78) predominates, and ultimately we have 

<™> 

which with (75) determines t>, sin 6 for the extieme case We may pursue 
the appioximation with respect to fa by substituting from (79) in the first and 
third terms of (78). For this purpose we may use 

- n (n — 1) /“*—2 (»•*—1) / + (« 3 +m— 2) / +s (80) 

Ab was to be expected, the term m p{n — l) contnbutes nothing 
The result of substituting 3/4—8/+5/ is thus 

-48,4 + 228/- 320/+140/ , 
and accordingly the second approximation to Vm is 

V m = (79)- — (—12,4+ 57/-80/+35/) (81) 

%tx m°7r° 


When sin 6 is known, the corresponding terms m ft and ui may be 
found from (67), (68) 

We will now apply (79) to calculate a correction to o a in the manner 
already employed for plane sheets We hare to make 

ff{»(<r- 0 -o) «o-2om cos 0} u« sin 0 <20 rty » 0, (82) 


where % * sin 0, and the integrations extend from — 1 to +1 for p, and 
from 0 to 2$, for $. The calculation is straightforward, and we find 


85«r# ’ 


<r—<r# 


( 88 ) 
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where 2w~ 4 (w odd) has been replaced by its equivalent, A 

continuance of the approximation from (81) gives another term in (83) 
involving (as well as a> 3 ) 0 i 4 and £m“ fl It appears that 


r-* = fc! h™* *Sm-\ 

<r 0 35w* L 9 ir J 


.6a>W f i 
350-0 L 




(84) 


when we substitute for 2tn~ 4 , 2m“*, their values, viz,w 4 /96 and w fl /960 
If it were important, the approximation with respect to fa could be earned 
further without muoh difficulty 

We will now pass on to consider the most important primary mode in 
which ft id an even, function of /*, proportional to the zonal harmonic of 
ordei 2 # or to /a 3 —§ In agreement with this we take 

v 0 = cos 8 Bin 8 , Vo = 0 (85) 

Substituting the value of ft in (70), we see that 

ff 0 a tt 2 = §gh , (86) 

and ft satisfies 

£ (W ^ ,+ I=?3* +86 - 0 ' < 87 > 

an equation satisfied also by ui and by 

%ar\ sin 8 4- 2w oos J 0 sm 3 0 (88) 

Substituting (88) m (87), we get 

£* +8 J ( " ,8U * <?)= “S (1_6 ^ +V) * (89 > 


the analogue of (74) Hetauung(76) and understanding, as before, that m 
is an odd integer, we get, with use of (77) for the general term, 

-^v.+sa-rt v» 


.2«> _8_ 
to - «iir 


(1 —7/»*+ 13/a 4 —7/**), (90) 

where i a mir/2<fn 

This equation may be treated in the same way as was (78), but it may be 
well to introduce a modification which would be convenient in pursuing the 
approximation further We will divide (90) by the factor whioh multiplies 
the parenthesis on the right, taking 


and assume* 


V„h— 2* JL, 
%<r WITT 


V*/ as Ko + Kj^*+.. + K*p n f (91) 

* Thomson and Tait’s < Natural Philosophy,* 2nd ed, Part I, p £10 
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where n is even Substituting in the right-hand member of (90), we hud as 
the coefhoient of p* 


(n+ 1) (n+2) K»+ a -(2n*-6 +#») K, + {(n- l)(»-2)-6} K.-, 


Hence 


n s= 0, 

i 

2 Kg—(s*-6)K 0 = 

1. 

n= 2, 

3 

4 Kg—(#*+2) Kg—6Ko = 

—7, 

n = 4, 

5 

6 Kg—(#*+20) Kg = 

13, 

71 = 6, 

7 

8Kg-(s*+66)Kg+14K« = 

H 

— 1, 

n = 8, 

9 

10 Km - (s* +122) Kg+S6K, = 

o, 


(92) 


the right-hand mem be is being zero lor 8 and all higher values of w It'will 
be seen that one of the coefficients is arbitrary, providing the necessai) 
undetermined element The problem would be so to ohoose it as to satisfy 
the condition at the pole 

When s 3 may be treated as large, we may divide the system of equations 
by it, obtaining as the first approximation 

K 0 = -#"*, K, = Is-*, Kg = -1 ‘6s-», K» = 7#“*, (93) 

after which Kg, etc, vanish To obtain a second approximation we sub¬ 

stitute the result of the first approximation m the smaller terms Thus 

In like manner, 

K a * 7s -8 —148 #“*, Kg = —13 s - *+548 #“ 4 , 

K 6 = 7 s-'- 644 #-«, Kg s 252 s~*, 

after which the K’s are zero to this order. The approximation may be 
pursued, and at each step anothei K enters In this process the difficult} of 
satisfying the general condition at the pole is evaded 
If we stop at the first approximation (93), we have 

viundm 1515^(1 — 7/i*+13/t 4 —7ft # ) 4- (94) 

ur tnirir 


Using tins value of vi sin 6 in (82), we find 




16a>W 

6J<r 0 


(95) 


as the correction applicable for this mode of vibration of a narrow lune 
From some points of view, theie is advantage in the use of v (s= sin 9), 
rather than ft, as independent variable In place of (90) we have* 

v *( 1 - l ^)^L' + ,(l_2 l »)^.' + 6v*V m '- 4 *V B ,'« 2 h*-8i/*+7v*; (96) 


* See 1 Theory of Bemud,’ $ 338» 
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but for the moment we will take on the nght die more general form 
Assuming 

V*' as H 0 +H J y*+H4i' 4 + • , (9V) 

we hnd on substitution in the left-hand member of (96) as the coefficient 
of v T 

(r 3 —«*) H,—{(r—l)(r—2)—6} H,-* (98) 


Thus for the term depending on a, 

Ho = 0, Ha a* a/(4—s*), H« = 0, etc , 

so that V m ’ — 4 ^a> simply 

For the term in 6, 

Ho * 0, H a = 0, H.*^, H. - L£=£ H«, etc , 

so that 

v , _ bv* b{ 6 4—6)v 4 6(5 4-6)(7 6-6)** 

" “ 4 s —s* (4 s —3 s ) (6 s —8 s ) (4 s —8 s ) (6 s —3 s ) (8 s — 

In like manner, for the term in c, 

y+ «<7 S=±>£ + 

* b s -3‘ iT (6 s -3 s )(8 s -«V 


(99) 


( 100 ) 

( 101 ) 


Introducing the numerical values of a, b, c, we find for the sum of the 
three contributions, 

„ . 2 v 3 8 k 4 7sV 


2 # —«* 4 s —s* ^-^(e*-*) 

,49 6 11 8 13 


_Ji+JLIv+jLLJJL,. 

-3 s ) 1 ^8 s -3» ^8»-«»10»-3« 

** + | ( 102 ) 


8 s -s a 10*-3 s 12 s -3 3 

and there is also to be added the complementary function, 

V_- - ^ (l | (.-«<«+» ,. | (.-2)(.-l)(<+3)(,+4) , I M 
V 2(2,+ 2) 2.4 (2» + 2)(2,+4) + [' ' ' 

in which A is a constant 


The expressions in (102), (103) vanish when v = 0 It is further neoessary 
—and this is the condition determining A—that dV m '/d$ should vanish at 
the equator (i* a* 1), Now 

dV m ’/d$mco&6 dVJ/dv, 


in which cos 0 vanishes. So far as regards (99), dV m '/dv is finite when »1, 
so that no further question arises here But for (100), (101), (103), SVJfdv 
is infinite when v *r 1, and a further scrutiny is called for 
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As a first step we may examine (103), taking it m the more general form* 


+ 1 2(e+l) («+2) J k ’ 


In Gauss’ notation for hypergeometnc series, 

tlr, as p> F (*, 0, y, v 3 ), (105) 

where * = £«—£m, 0 — y * «+l 

Since y—*—0 = $ >0, F is finite when v = 1, and accordingly so also 
is y/r. But for dyfr,/dv we have 

dyp-,/dv = i v‘~ l F + p“ didfdv, 

o£which the first part, being finite, need not be regarded Thus when v = 1, 

dyft,fd0 = (1 -!/*)* dF/dv. (106) 

Now 

^f^Ji^+l, 0 + 1 , 7 +l, p % 

av 1 y 
in which,t when v — 1 nearly, 

F(. + l, ?l + l. ,+ ». * - (107) 


In the present case 
and thus when » = 1 


y—a—0—1 — — 


d+, _ 2 r (7) _ 

2r(«+l) 

(108) 

dd _ i» V{0) 

r (}*-$*) r ($«+*»+$) 

If j» sr 2, as at present, 



d+i _ 

2 r(*+i) 

(109) 

d 0 r($*-l) r (*«+*)’ 

when $ m Thus d^,jdd has 

a finite value at the equator, as 

was to 


be expected 

It may be proved without difficulty that (102) converges when v = 1 
and s is not an even integer. Any finite number of terms which may have 
negative denominators being exoluded, the remainder may be expressed as 
a hy p ergeometnoal senes But the form is more complicated than 
before, and the evaluation of dV m 'fd$ would be rather tedious, even if 
practicable. 

* ' Theory of Sound,' bo, ett. Hero a «• 2 
t ' Infinite Senes,' Bromwich, p 171. 
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A question obtrudes itself as to what happens when * is an even integer 
When 8=2, there is synchronism between the pnmaiy and a derived 
vibration, and the occurrence of the infinite denominator 4—s* is what 
might have been expected But in the case of other even integers no 
S) nchronism is apparent, and it would seem that the complication is of an 
analytical character only The solution compounded of (102) and (103) 
changes its form It would lie of intercut to follow out the process, say 
for the oase 8=6, which might loughly represent the circumstances of the 
Atlantic Ocean, but I am not prepared to undertake the task 


On a New Kind of Glow from Palladium ui Vacuum Tubes 
By Rev H V Giu., S J, B A, Downing College, Cambridge 

(Communicated by Prof Sir J. J Thomson, J’ R S Received May 7,—Read 

May 13, 1909) 

(Plate 1) 

The phenomenon described in this paper was first notioed when making 
some preliminary experiments in an investigation suggested by Prof Sir J J 
Thomson The effeot of the gases contained m metals on the nature of the 
discharge obtained when these metals are employed as electrodes in vacuum 
tubes has long been a question of interest. It was suggested that by employ* 
mg palladium one might hope to obtain interesting results, owing to the 
property possessed by this metal of absorbing large quantities of hydrogen 
The result of these preliminary experiments has already been briefly stated,* 
but as the effect seems to be a new one, it seemed of sufficient interest to call 
for a fuller investigation , 

Apparatus —A tube was fitted up containing an ebonite plug through 
which two stout brass leads were passed To the extremities of the leads 
was attached, by means of screws, a piece of palladium foil about an inch in 
length and a tenth of an inch wide The leads and plugs were fixed in 
position by sealing-wax. The tube was sealed by the blow-pipe to a mercury 
pump and was m connection with a pressure gauge, drying-bulb, etc. Urn 
tube oould be isolated from the rest of the apparatus by means of a baro¬ 
metric mercury seal By passing an elec trio current through the palladium, 
it oould be heated to any required temperature. (See Plate 1, fig. 1.) 

* 'Gunb. PhiL Soc Proc.,' vol 14, No 6, p. 678, 1006 
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Appeal anee of the Glow —The pressure was reduced to 015 mm, and 
a current was sent through the palladium with the object of expelling some 
of the gases which it might contain It was kept at a dull red heat for some 
time, and was then raised to an almost white heat 

At this point a purple glow was noticed around the hot palladium * This 
glow resembled the negative glow in a vacuum tube, but as there was no 
electric field except that due to the curreut from the two storage cells used 
to heat the metal, it seemed to require an explanation* The experiments 
described in this paper were made with the object of investigating the nature 
and cause of this luminosity As the matter has not been hitherto studied, 
it seems useful to describe the results of these experiments with greater 
detail than would otherwise be desirable 

The most satisfactory form of tube was that shown m the figure, in which 
the general appearance of the phenomenon is indicated The colour of the 
glow is a rich purple-blue, when the foil is very hot, it appears bluer, but 
tins is due to the light reflected from the walls of the tube. There is a u dark 
space* 1 between the glow and the palladium, which is well marked when the 
foil is at a high temperature The luminosity does not extend to the walls 
of the tube, especially when this is 4 or 5 inches m diameter Its general 
appearance ib like a purple halo around the hot palladium. The glow 
disappears when the current is stopped and begins again when it is sent 
through once more 

Material employed —The palladium foil used on the first occasion was 
a pieoe that had been m the laboratory for some tune, and bad all the 
appearance of having been heated up on foimer occasions Some fresh 
palladium was obtained, and this, too, produced the glow. As palladium 
melts at a comparatively low temperature, it was found advantageous to use 
platinum foil into which some palladium black had been well rubbed instead 
This gives almost as good results as the palladium foil, and has the additional 
advantage that there is a less dense doposit of dismbegrated palladium on the 
walls of the tube Experiments will be described showing the part played 
by the disintegration of the metal In order to be assured that the 
phenomenon was due to the palladium itself and not to any dirt which might 
be on it, a piece was carefully cleaned as follows. It was heated for a few 
moments in strong mtric acid, which dissolved a thin layer. It was then 
washed and put into chromic acid, after which it was washed again, finally, 
when it had been attaohed to the leads, it was once more put into chromic 
acid, washed in distilled water, and rapidly dried by pure alcohol This 
piece of palladium produced the glow even better than other pieces which 

# Bm figures on plate. 
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bad not been oarefully cleaned Other substanoes, each as platinum and 
carbon filament, were alao tried, but the glow was not obtained 

Electric Field. —It appeared possible that the phenomenon might be 
directly connected with the well-known ionisation effects produced in the 
neighbourhood of hot metals The glowing palladium was connected with 
the terminal of a battery of small cells, the other terminal being attached 
to an electrode in the glass tube at a distance of about an inch from the 
palladium. Various potentials up to 400 volts were applied without any 
effect on the glow, nor did it make any difference whether the palladium 
was attached to the positive or negative pole of the battery. Even the 
passage of a luminous discharge did not influence the general appearance of 
the glow. 

Magnetic Field —The application of a magnetic held was also found to be 
without effect. 

Effect of Meat —In the original experiment it was noticed that the glow 
soon faded away This happened m a narrow tube, which at the same tima 
became very hot 

It was subsequently found that the disappearance of the glow was «nf»d 
by the heat of the walls of the tube If the tube is kept cool by placing 
the bulb in cold water, it is possible to keep the glow going indefinitely The 
effect of the temperature of the walls of the tube is not the least strange 
feature of the phenomenon If the tube be heated by manna of a b unaen 
burner the glow fades away, and only returns when the tube has become cool 
again. If one Bide of the tube be heated and the other kept cool, it is found 
that the luminosity disappears on the hot side, but remains on the cooler one. 

The Dark Spate —The dark space surrounding the palladium seems to be 
due to the temperature A second pair of leads was introduced into the tube, 
to which wob attached a small spiral of platinum wire. When this was 
placed well in the glow, which had been produced in the usual way, it was 
found that, if the spiral was heated to a high temperature, a dark space was 
produced around it This shows that the dark apace around the 
is dus to its temperature This dark space is not a contrast effect, as it can 
be seen when an opaque object is held over the hot metal. So, too, the 
heating of the gas in the tube, the leads and walls, tends to dimmish the 
intensity of the glow If the current be stopped for a short so as to 
allow everything to grow cooler, it is found that the glow is b^ghtf on 
re-heating the palladium. 

Initial Pressure tf the Gas —The phenomenon occurs within wide of 
initial pressure It was observed within a range of pressures from 64 to 
0 003 mm. Generally the pressure goes up when the palladiu m i* heated 
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This rise of pressure depends on the condition of the palladium On one 
occasion, when the pressure was rising owing to a Blight leak in the sealing- 
wax, the glow was still visible when the pressure has gone up a centimetre 
or more The rise in pressure in normal cases is of the order of a millimetre 

Action of 0am m the Tithe —The fact that the glow could be obtained 
when the initial pressure of the tube was very low, so that the bulb gave 
green fluorescence when a discharge was sent through it before heating the 
foil, seems to fehow that the glow depends on the presence of gases which 
have come from the hot palladium When the tube had been filled with 
hydrogen before being exhausted, it was found impossible to produce the 
glow m the ordinary way When, however, the palladium was made the 
cathode of a coil discharge through the tube, it was observed that the glow 
suddeuly appeared When the luminosity had once been produoed, the cold 
discharge had no further effect In general, when the glow was slow in 
appearing, it was found that it was helped by passing a discharge through 
the tube for a short time The following experiment pioves that the presence 
of gases in the tube which have been produced from the palladium is 
necessary. The glow was obtained in the usual way and allowed to continue 
for some time Air was now admitted to the tube and the tube was again 
exhausted to a pressure favourable foi the phenomenon The palladium was 
again heated up, but the glow was not obtained In the Bame way, it was 
found that a piece of palladium which had been recently heated would not 
give the glow. Another similar result was obtained by attaching a side tube 
containing charcoal to the glow-bulb, when this was placed in liquid au, the 
glow disappeared, and returned again when the liquid air had been 
removed 

Palladium recently heated —Various methods were tried to restore to 
palladium whioh had been heated for some time the power of producing the 
glow, without success It was saturated with hydrogen gas, and was made the 
electrode in a vacuum tube discharge, and was placed near the cathode in suoh 
a discharge, but the power of producing the glow was not restored. The only 
method found successful was to leave the palladium exposed to the air for 
a considerable time. Thus after six weeks the property of producing the 
glow was found to be restored to a moderate degree. 

Disintegration .—The disintegration of the palladium has an important 
connection with the luminosity Either the particles of palladium are 
themselves the cause of the luminosity or they carry with them something 
which acts on the gases in the tube The black deposit on the sides of the 
tabes is soluble in cold nitric acid, and can be easily rubbed off the glass 
The following experiment shows the importance of the disintegration of the 
VOL. LOCKS.— A 2 I 
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palladium. A tube was fitted up with two pain of leads, to the extremities 
•of one pair was attached a piece of palladium foil, and to the other 
a piece of platinum foil A piece of glass tubing was placed over the 
extremities of the leads carrying the platinum foil The tube extended 
about an inch on each side of the platinum, thus shielding it from the 
deposit from the palladium The latter was now heated and the glow 
obtained This was allowed to continue for some time The current 
through the palladium was stopped, and the glass tubing removed from over 
the platinum by inclining the tube. The platinum foil was then heated by 
a current of electricity. No glow was obtained This result is important, 
as it shows that the glow is not due merely to the heat from incandescent 
metals. The platinum foil was then allowed to cool, and the palladium 
heated again The glow appeared in due course. As the platinum foil was 
now exposed to the disintegration of the palladium it was blackened by 
a deposit The ourrent was stopped through the palladium, and the 
platinum was heated. This time, when the platinum was raised to a 
sufficiently high temperature, the glow appeared, and was almost as bright as 
m the case of the palladium This result, taken with those just described, 
proves that the luminosity is due to some reaction between the disintegrated 
palladium and gases in the tube It was observed that a small piece of mica 
placed near the palladium had the effect of preventing the glow in its 
shadow Behind a small opaque screen the glow was seen Blightly 

Mercury Vapour —The experiments already described prove that the 
luminosity depends on the gases in the tube. In order to see if mercury 
vapour had any part in the phenomenon an experiment was made in which 
this was carefully excluded A glass spire! waB carefully cleaned with 
mtno acid, and wob then placed m a vessel of liquid air, one extremity was 
now sealed to the meroury pump and the other to a tube which had been 
fitted with fresh leads and which had been oarefully cleaned away from 
mercury vapour The bulb was now exhausted to the required pressure, and 
was then sealed off from the pump As the spiral had been m the air 
during the whole operation, auy mercury vapour that came from the pump 
was frozen out before it oould reach the tube. That there was no meroury 
vapour present in the tube was shown by the absence of meroury lines 
m a discharge between the leads and an electrode which had been placed in 
the side tube of the bulb. When the palladium was heated the glow came 
in the ordinary way. Thus the presence of meroury vapour is not an 
essential condition 

Photphorut Vapour ,—A similar experiment was made to see if the 
phenomenon had anything to do with any impurity arising from the 
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phosphorus pentoxide employed in the drying tube Crookes* showed that 
the presence of some Buoh imparity accounted for the blue face often seen on 
striae in vacuum tubes. This time the tube was first exhausted as for as 
possible by means of a water pump and then brought to the right pressure 
by means of a charcoal bulb m liquid air. The pressure could be judged by 
the thickness of the dark space of a discharge through the tube. In this 
experiment care had been taken to use nothing which had been exposed to 
phosphorus pentoxide or other known source of phosphorus vapour In this 
case also the glow was obtained as before 

Water Vapour —The influence of water vapour was Bhown by the 
following results A small side tube was inserted into the bulb of the tube 
in which the glow was obtained This was so placed that its extremity 
reached into the purple glow This tube was like a test tube with the open 
end outside The palladium was heated and the glow produced A few 
drops of liquid air were now introduced into the side tube After a few 
seconds the glow began to fade away and finally disappeared At the same 
tunc a white deposit appeared on the extremity of the side tube When the 
liquid air had boiled ofi and the side tube had regained its ordinary 
temperature the glow gradually returned 

In this way the glow could be made to go and come as often as was 
desired The same result could be obtained by allowing a few drops of 
liquid air to fall on the surface of the bulb This seemed to show that the 
glow depended on the presence of water vapour In order to ascertain that 
the absence of the glow was due to this cause a tube was fitted up in the 
usual way containing some phosphorus pentoxide. When the tube had been 
left long enough to onable the water vapour to be absorbed it was found 
that the glow could not be obtained. Thus the presence of water vapour is 
a necessary condition for the appearance of the glow This was also 
evident from other indications If the tube was very carefully dried the 
glow was not so easily obtained as when less care had been taken The best 
results were obtained when the apparatus had been filled with air which had 
not passed through a drying tube The result shows that the effect of the 
liquid air is to freeze out the water vapour from the bulb. The results 
already obtained by heating the bulb may also be connected with the effect 
of heat on the water vapour in the tube. This pout will be considered 
when dealing with the probable cause of the phenomenon It might be 
thought that the precautions already described to keep out mercury would 
also abstract water vapour from the bulb. The spiral in liquid air was 
some distance from the bulb, and the whole operation of exhausting it only 
• ‘ Boy Soc. Proc.,’ vol 00, p. 899,1901. 
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occupied a short time As will he shown further on, water vapour is also 
produced when the metal in the bulb ib heated. 

Speotrum of the Glow —The examination of the spectrum of the glow is 
rendered difficult owing to the amount of light reflected from the walls of 
the tube In spite of all precautions taken to do away with this incon¬ 
venience there was always a considerable quantity of reflected light when 
the glow was sufficiently bright to make satisfactory observations It was 
found, however, possible to obtain some interesting information by examining 
the speotrum When the spectrum is viewed through a spectrometer of 
low dispersion, the spectrum consists of a continuous portion extending from 
the red towards the blue end Just at the extremity of this region there is 
a blue-green band This band can only be observed when the glow is very 
bright and the dispersion of the spectrometer low Then there comes a dark 
space, which at hrst was thought to be an absorption band, and then a blue 
band When the spectrum of the reflected light was observed in the 
absence of the glow it was found that the two bright bands were absent, and 
that the continuous portion only extended to the beginning of the dark 
space When the glow was present these bnght bands were present as an 
addition to the spectrum of the reflected light No doubt other lines or 
bands could have been seen but for the presence of the reflected light 
Indeed, the green-blue band could not be seen as a rule, but was sufficiently 
well marked when the glow was very bnght. This speotrum was then 
examined with a diiect reading Hilgar spectrometer This instrument gave 
considerably greater dispersion than the other, and the band was therefore 
less well marked It was possible, however, by remaining m the dark for 
some time to distinguish the blue band sufficiently well to measure it It 
was not possible to measure the green band directly It was identified 
indirectly As the edges of the blue band are not well defined it was only 
possible to take approximate readings of its limits. Various sets of readings 
taken after intervals of some considerable time gave readings for the middle 
of the blue baud which agreed very substantially The spectrometer had 
previousl} been standardised by being set at the blue mercury line, which is 
very close to the position of the blue band 
The following arc the wave-lengths of the various parts of the 
spectrum — 

Beginning of the continuous spectrum . 6220 

Beginning of dark region. 4697 

Beginning of the blue band from glow . .... . 4419 
Beading taken as middle of the blue band. . . 4380 
End of blue hand . .... ..... «... ..... . 4343 
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It was not possible to determine whether this blue band was composed of 
nanower bands or lines 0 It had all the appearance of a broad band 

This band did not appear to correspond to any portion of the speotra 
involved in any of the substances one expected to meet with in the 
experiment It was thought that the examination of the spectrum of the 
gases in the tube made in the ordinary way might throw some light on the 
matter For this purpose a small spectrum tube was attached to the tube 
connecting the pump and the glow tube The whole was exhausted as usual 
and the glow obtained The spectrum tube was now sealed off from the rest 
and thus a specimen of the gas in the bulb was obtained This was 
connected to an induction coil and its spectrum examined The hydrogen 
lines were of course piomment lu addition the spectrum of carbon 
monoxide was very strongly marked. All who have wotked with hot metal 
cathodes have remarked the amount of carbon monoxide produced m the 
tube. At least the spectrum of carbon monoxide is always present A blue 
portion of this spectrum was found to coriespond exactly with the blue band 
due to the glow The spectrum tube was plaoed on the far side of the bulb, 
so that it could be examined with the spectrometer through the latter The 
glow was then produced and at the same time a discharge was passed 
through the spectiuiu tube By this means it was ascertained that the 
bands in the spectrum of the glow corresponded to two bands m the 
spectrum of the gas in the vacuum tube The darker region in the spectrum 
of the glow also corresponded with a less luminous part of the spectrum of 
the gas in the discharge tube 

The end of the continuous spectrum due to the reflected light just 
corresponds to the green-blue band The spectrum of the gas m the 
discharge tube was that of carbon monoxide. We have therefore sufficient 
evidence that the spectrum of the glow is due to carbon monoxide gas No 
doubt, were it not tor the reflected light it would be possible to find other 
bands and lines of tbe spectrum due to that substance The blue band 
which was measured corresponds to a region of lines and bands close 
together. The othei band corresponds to that of the carbon monoxide 
spectrum 4836. 

The spectrum of carbon monoxide burning m air is a continuous one as 
far as can bo seen. This spectrum includes tbe bauds of the spectrum of the 
glow, but does not show the dark region, and also extends further towards 
the blue end 

Polarisation absent ,—It seemed just possible that the glow Height be due 
to light scattered by particles of matter in the tube. To test this view the 

* See note at end 
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glow was examined by means of Nmol's prisms to detect any sign of 
polarisation, but with negative result A strong beam of light from an arc 
lamp was also passed through the glow, for if the colour was due to reflected 
light this ought to make a difference, but no such difference could be 
observed. It Beems justifiable to conclude that the luminosity is from the 
materials in the tube themselves, and from the spectroscopic results it seemB 
that this luminosity is connected with the presence of carbon monoxide gas 

Theoretical —In putting forward any theory as to the cause of the 
phenomenon it is necessary to tAke into consideration the properties of 
palladium A brief enumeration of the properties which seem to have 
a connection with this effect will be of assistance m arnvmg at some con¬ 
clusion It is well to bear m mind that the electrical pioperties of hot 
metals are still known but very imperfectly, and any theory about the 
precise mechanism of the reactions taking place near hot wires will naturally 
depend much on our knowledge of such properties 

The chemical behaviour of palladium is of a very peculiar and complicated 
character Vanous researches have been made on its properties of combining 
with hydrogen and other gases, to some of which it will be necessary to 
briefly refer That the phenomenon depends on these properties is evident, 
though the reaction which appears to be the one here involved is not that 
which would at first suggest itself 

An analysis of palladium black was made by Mond, Ramsay, and Shields • 
in which they showed that this material m its natural condition contains 
16 per cent by weight or 138 vols of oxygen m the form of PdO It also 
contains 0 72 per cent of water Palladium goes on absorbing oxygen up to 
a dull red heat, and can absorb as much as 1000 vols When exposed to 
hydrogen gas some of this oxygen unites with the latter to form water Of 
the 878 vols, of hydrogen which palladium can occlude, 92 per cent can be 
pumped off at ordinary atmospheric temperature, and nearly all the 
remainder came off at about 450° C No doubt palladium, like platinum, 
will keep giving off hydrogen for a very long time even when heated to 
a high temperature The most favourable temperature for the absorption of 
hydrogen at atmospheric pressure is 100° C At this temperatuie it parts 
with nearly all its hydrogen in vacuo These latter numbers appear to be also 
true of other forms of palladium. 

It is a well-known fact that hydrogen which has been occluded by 
palladium and then driven out is much more active than ordinary hydrogen. 

Many peculiarities m the behaviour of palladium have been noticed which 

* “On the Occlusion of Hydrogen and Oxygen by Palladium,” ‘Roy Soa Froc 1 
vol 62, p* 290. * 
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tend to complicate the study of itB properties. There is one other reaotum 
which is of the greatest importance in connection with the phenomenon 
under consideration, though it is one which did not seem to have any 
connection with the glow at first It ib found* that palladium charged 
with hydrogen has the property of causing the combination of oxygen and 
carbon monoxide m the presence of water to form carbon dioxide. This 
would appear to be the reaction involved in the production of the luminosity, 
and it can be shown that the facts already stated m this paper can be 
reasonably interpreted on this view Tho senes of reactions involved may 
very well be somewhat as follows 

When the palladium is first heated the glow does not make its appearance 
until some little time has elapsed During this titne the hot metal would 
be giving off hydrogen and oxygen, and water vapour, or would be bringing 
about the union of some of the gases to form water Also carbon monoxide 
would be being produoed m the tube The help given by the passage of an 
electric current would probably consist m the formation of carbon monoxide 
or water vapour in the tube The advent of these gases in the tube gives 
rise to an increase of pressure Whatever be the origin of the carbon 
monoxide, its presence, as indicated by its spectrum, is always notioed 
in the discharge from a hot cathode At the same time the palladium is 
disintegrating, the higher the temperature to which it is raised the greater 
being the disintegration As we have seen, at the high temperature of the 
hot palladium the gases have been expelled, and thus the particles of 
metals are not charged with hydrogen when they leave the piece of foil. 
As these particles of metal travel out their temperature falls, and they may 
then absorb hydrogen. They are now in a condition to act on the oxygen 
and carbon monoxide and water vapour in the tube. If we suppose 
the union of the oxygen and carbon dioxide to take place with luminosity, 
we have all the foots about the glow accounted for What the nature of 
this umon is cannot be discussed here That all such cases of combination 
are closely connected with electricity seems oertam, and that the electrical 
properties of hot metals enter into this reaction would seem most probable 
However, too little is known as yet concerning the phenomena connected 
with hot metals to justify a disoussion on this point. 

The explanation just suggested seems to account for the facts which 
have been ascertained about the glow. According to this view, it is clear 
that a piece of palladium whioh has been strongly heated not long before 
conld not produce the glow. Its recovery by exposure to the air is also 
accounted for. The presence of water vapour as a necessary condition 

* Tnwbe, 1 Bsr.,’ voL 15, pp. 9885,8854, Rsmseu and Keiscn, ‘ Bsr,’ vol. 17, p 88 
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follows. So, too, the presenoe of oarbon monoxide is explained. Hie peculiar 
effect of heat might, perhaps, he as follows Near the hot metal, as has been 
said, the particles of palladium are not charged with hydrogen, and hence not 
in a condition to hnng about the union of oxygon and carbon monoxide So, 
too, the effect of strongly beating the tube might be accounted for Heating 
the tubo may also have the effect of expelling hydrogen from the disintegrated 
palladium deposited on the sides of the tube, since an excess of hydrogen 
interferes with the reaction just described 

Whether this luminosity is dnectly connected with the ionisation of gases 
by incandescent metals is a point whioh has not been investigated The 
writer hopes to make some experiments with a view to ascertaining if any 
special electrical offeots can be detected in connection with this glow. The 
general laws concerning the electrical phenomena due to incandescent 
metals has already received a good deal of attention, but much remains still 
to be cleared up Many of the facts described in this paper suggest some 
connection with the phenomenon of ionisation, and it seems very probable 
that the presence of the ions from the hot palladium in the gas may be an 
important faotor in the reactions which give rise to the l uminosi ty 
Richardson* found that a wire whioh had lost the power of giving a 
positive leak owing to having been heated in incandescence can be made 
to regain it by being made a cathode m an electric discharge through gas at 
a low pressure, or by being placed near a cathode. This fact is recalled 
by the influence of the hot palladium on a piece of platinum placed near it, 
which we have described In the latter case the phenomenon appears to 
be either entirely due to tlio deposit of particles of the disintegrated metal 
or to be connected with such a deposit. The recovery of palladium owing 
to its exposure to air has also its counterpart in the case of the recovery 
of the power of ionisation In connection with these phenomena, a result 
may be mentioned here whioh is of interest, though no direct connection 
with the nature or cause of the glow has been found. 

Another Effect —An experiment was made in which the piece of palladium 
foil mounted to the leads was made the cathode o! an electric dieoharge 
The palladium was cold duung the diaoharge When the discliarge was 
stopped the ourront was seut through the foil Before the foil got red hot a 
slight blue-white luminosity was seen at its surface for an instant On 
■topping the ourrent and turning it on a second time this did not appear 
The current was now regulated so that it was able to heat the foil just up to 
a red heat, but not strong enough to make it visible even in a very dark 
room, This ourrent was stopped and a discharge from the coil sent through 
* Of. Richardson,' Phil. Mag.,’ (6), voL 8,1004, and (6), vol 0,100ft 
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the tube for a minute or two When this was stopped the wire was heated 
and at once the luminosity was seen This only lasted a few seconds, and 
did not reappear when the wire was heated a second tune The phenomenon 
could be reproduced by again sending the discharge This result has 
evidently a connection with the phenomenon of thermo-luminescence, but the 
two do not seem to be identical The bitter phenomenon is only known 
m connection with bodies called by Van’t Hoff “solids and solutions,"* 
which are obtained by precipitating simultaneously two salts from a solution 
in which one is greatlj m excess of the other Here there does not appear to 
be any salt in question, though it is possible that the effect is analogous and 
is due to the presence of impurities in tho metal A piece of platinum foil 
which had been carefully cleaned in nitric acid did not produce tins result 
On the other hand, it was observed when a “ lime cathode ” was used It as 
not necessary that the palladium should be itself the cathode The effect was 
sIbo observed when it was m the luminous discharge from other electrodes 
Even when the palladium was itself the cathode the effect was not noticed 
except when the luminous discharge was about it The result was noticed 
also when the palladium was anode, but the coil discharge was not unidirec¬ 
tional although there was a spark gap m the circuit This effect has not yet 
been examined in any detail, and the subject is only introduced as being 
connected with palladium. 

It has been assumed that carbon monoxide gas is present m the tube: in 
any case its presenoe is indicated by itB spectrum The spectrum of 
carbon monoxide is always shown when carbon dioxide is introduced into the 
tube, and it appears to be due to tbe fact that the cat bon dioxide is decom¬ 
posed into oxygen and carbon monoxide, which then recombine again to form 
carbon dioxide. 

This research was earned out in the Caveudish Laboratory, and the writer 
is very grateful to Prof Thomson for his many helpful suggestions and 
enoouragement. 

[JVoie added May 30.—Since this paper was read it has been possible, 
through the kindness of Mr J E Purvis, St John’s College, to obtain a 
photograph of the spectrum of the glow The photographic record shows 
only one band, the position of which agrees with the measurements given in 
the paper. A photograph of the spectrum of a CO tube taken on the same 
plate shows that the blue band whioh constitutes the spectrum of the glow 
corresponds to the 4380 band of the spectrum of carbon monoxide When 

* Yant Hoff, <Zeit f Phynk Cheat,’ p 388,1895; E. Wiedemann and Schmidt, 

4 Wtod Ann.,' voL 34, p. 604,1895 
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tbe negative is examined with a magnifying glass it is possible to distinguish 
several bright lines in the band which coirespond to lines m tho caibon 
monoxide spectrum With an exposure of nearly half an hour no record was 
obtained of the other band referred to in the text The single blue band 
seemed to constitute the spectrum under ordinary circumstances It may be 
possible to obtain further evidence by using extremely sensitive plates and 
longer exposure The photograph of the glow spectium is not sufficiently 
distinct for reproduction, though quite clear enough for comparison with other 
photographs ] 


DESCRIPTION OF PLATE 

Fig 1 —Sketch of tube employed to show the glow 

Fig 2 —Shows general appearance of the glow The central white area is due to the 
glare of the hot palladium Owing to halation the outline of the piece of foil 
cannot be distinguished Around this is the (( dark space 11 This is only relatively 
dark All round is a hollow shell of luminosity, so that the photograph is taken 
through this. Then comes the glow proper, which gradually reaches a maximum 
and fados away again The outline of the bulb is just visible below the glow. 

Fla 3 —Shows the glow with an opaque objut in front of it to remove halation effects 
The daik space can be seen 

FlG 4 —Was taken with a larger aperture when the glow was more diffuse, and with a 
longer exposure The temperature of the palladium was lower than m the other 
cases, and the dark space is not seen 
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The Decay of Surface Waves produced by a Superposed Layer 

of Viscous Fluid 

By W J Hakrxson, B A, Fellow of Clare College, Cambridge 

(Communicated by Prof J Larmor, Sec RS Received May 13,—Read 

June 17, 1909) 

§ 1 In a paper published recently by Prof R W Wood, on “ The Mercury 
Paraboloid as a Reflecting Telescope,”* he notes the complete damping ot 
ripples in the mercury surface produced by a thin superposed layer of 
glycerine It has been suggested to me by Prof Larmor that an interesting 
approximate estimate ot the effect to be expected might be obtained from the 
results m my paper 14 The Influence of Viscosity on the Oscillations of 
Super posed Fluids "f In the case of a film ot oil on the surface of water, in 
which the physical cncumstances are different on account of the extreme 
tenuity of the film, Prof Lamb has made an approximate calculation of 
the effect in his Tieatise on Hjdrodynanucs,$ by supposing the surface to be 
inextensible lor small wave-lengths 

In my papei referred to, the approximations were obtained on the supposi¬ 
tion that the viscosity in both liquids was small—the amplitude of the waves 
being as usual very small In the present case, although the viscosity m 
mercury is very small, that m glycerine is compaiatively large Hence a 
new approximation is now required 

§2 The characteristics of the wave-motion at the free surface of a single 
liquid of great depth have been obtained lor the two oases of small and ot 
great viscosity respectively In the second case there are two modes of 
vibration, both being dead-beat, for which the moduli of decay are *2kv/g and 
(0 Qli/A 3 )” 1 , respectively § For application to glycerine the viscosity is not 
sufficiently great to make the approximation valid, except for wave-lcngUia 
less than 1 cm I have thought it instructive to give this case a special 
consideration, although it is a side issue, as it affords an example of a dead¬ 
beat type of vibration changing to a propagated type as the wave-length is 
increased 

* ‘The A atrophy s Journ / vol 29, No* 2 
t 4 London Math Soc Froc / Ser 2, vol 6, p 396 
\ 3rd Edition, p 671 

§ Lamb, 4 Hydrodynamics/ 3rd Edition, p 667. 
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For the type of wave-motion with which we are concerned, the velocity 
eyetem («, v) is given by 


% 



v 


_ 3dr 


where 


0 = A<&e a “+ at , 


yfr as H^C rfr+B ‘, 
X* sc P+etfv , 


v is the kinematical coefficient of viscosity and is equal to pip 

Writing */fc*i> — tan s 0 , the peuod equation can be put mto the form 

tau 4 0+4 tan* 0 + 17 /AV = 4(sec0—1)* (1) 

When v is great the term y/A*!'* can be neglected in the determination of one 
mode, and the equation reduces to 

sec* 0 +sec* 0+8 sec 0—1 = 0 ( 2 ) 

We obtain an admissible root sec 0 = 0 3, whence « = —0 91 rA* 

For glycerine, v *= 9 64, hence the term neglected above must be retained 
when the wave-length is greater than 1 cm 
Writing y — sec 0, the equation ( 1 ) becomes 

y»+2y*-4y+l+0/lV=:O (3) 

It can be Bolved by Descartes’ method, which leads to the cubic 

K*+4K 4 —4yK*/AV—16 = 0 (4) 

The two values of y, which are admissible, are obtained from the equation 

Ky + (1 + *K»—2/K)*0, (6) 

where K* is the positive root of (4), and K itself is taken positively 
It will be seen from the table given below that the rate of decay is always 
great, but that waves of length greater tlian a oerfain limi t, which lies 
between 2 and 3 cms, are propagated 
When the wave-length is very great, one root of (4) is given by 
K* as — 2 +a*, where e = dy/AV, 
whence y*— {—2 + «*}*y+Jf.* = 0 

We obtain a/A*»< m — 2 ±$wi, 

or a as — 2A*i/±t v /yA 


Thus « has the same form when vk? is small as we obtain m the case of 
a slightly viscous liquid. 


* ty Basset, 'Hydrodynamics,' vol. S, p 318 
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L 

tec 0 


r. 

c 

, f 

0 3 

-o-oi 

0*003 


1 i 

0 *90 

-0 02 

0 131 


2 { 

0 43 

-0 815 

0*018 


0 89 

-0 208 

0*051 


3 

0 716 ±0 847« 

-0 61± 0 496t 

0*088 

10*0 

6 

0 92 ±0 877* 

-0 92± 1 6Xt 

0*071 

ie 6 

10 

1 66 ±1 46. 

-1 40± 0W 

0 188 

36*7 

20 

2-96 ±8 06* 

-1 87 ± 18 *0e 

0*820 

52*0 

so 

4 00 ±4 18* 

-1 96db8S li 

1 18 

76*9 


li is the wave-length m oma r the modulus of decay m seconds 

v the velocity of propagation in cms per second 


'§3 In the general problem we shall consider the motion of two fluids, 
both ot depth large compared with the wave-length of the motion, m the 
two cases ( 1 ) both very viscous, (2) the lower one slightly viscous, the 
upper very viscous 

The period equation for waves at the interface between a liquid of 
density p and viscosity v, and a superposed liquid of density p and 
viscosity v\ is* 

+p 2 (* fl + gk) (AX')+ p % (* 2 —gk) (&—X) 

— pp* [2 Ka? + at 3 (X+X ')■+■gk (X— X')] *5 0, 

where X 3 = , X ' 3 = &*+-, 

v v 


Vt scoszites both Large* 

§ 4 (a) For the mode in which a is large, assuming that a is of the order 
v or v\ the equation determining at is 

4^( vp _ l /p7(jfc^X)(*^V)+4* 3 «(^--i/y)[p<A:-X , )--p'(A:--X)] 

+ [?(}c-\')+p , *(k-\)-pp'( 2^+X+X')]** * 0 

The analysis is much simplified by putting v = v* With this assumption, 
after writing a * yA^tan 3 0 , we derive the equation 
(p+p / J 3 sec*0+(p 3 — 6 pp / +p /s ) s©t 3 0+ (3p 3 —2pp'+3p'*)sec0—*(p—p')* 0* 

( 6 ) 

With this may be compared the Equation (2) for a single liquid 

* ‘London Math. Soc. Proc.,’ Ser 2, vol 6, p. 388 I have quoted it again at length 
as there are two miepnnte as it has been previously printed 
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Some numerical solutions of (6) are given m the table below:— 


p'lp - 

0 

0‘1 

0 5 

1 

*00 0 

0 no 

0 27 

0 097 

0 

ml* ifc* 

-0-91 

-0-98 

-0 98 

-1 


When v and v' are different, we can safely say that the modulus of 
decay is not greater than (0 91vi& a ) -1 , where v\ is the smaller of the two 


coefficients 

(6) For the mode in which a is small, we assume that «is of the order 
v** 1 We easily find that 


a 


-jl£ z£L 

21 (pv+pv ) 


(7) 


This corresponds to a = —g/2kv for a single liquid 


Upper Liquid Viscous, Lower Slightly Viscous, 

§6 (a) For the mode in which a is large, writing */AV = tan*# m the 
terms of highest importance, we obtain the equation ( cf 6) 

(p+p r ) sec® 0+(p+p') Bee* 6 + (3p' —p) sec 0—(p+p f )zs 0 (8) 

The nature of the solution of this equation is shown by the following 
table — 


p'le 

0 1 

0 5 

0 0 

MO 0 

0 *92 

0 875 

0 685 

a/rP 

-0 16 

-0 644 

-0 88 


(6) For the mode in which « is small we have 


a a 


J/(P-P) 

2 Gy 


Tins can be obtained from (7) by putting v a 0 


*») 


§ 0 The Case of a Thin Layer of Glycerine sujrierposed on Deep Mercury _ 

The period equation for this case is given m § 4 of my paper (in the first 
term of the fourth column p should tie replaced by p'). The affec t of 
capillarity can be moluded by wntiug g+T&/p' instead of g in the second 
•ooluinn, and g+Ti&/p instead of g m the fifth and sixth terms of the fourth 
column, where Tv is the surface tension of the glycerine-mercury int er fac e, 
end Tj w the surface tension of the glyoerine free surface. 

For glycerine at 17°, 0. v'm 9 64, and for mercury, v m (HMU1, oonse- 
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quently we shall approximate by patting v = 0 at once. This greatly 
simplifies the period equation, and does not affect its validity except when 
the modulus of deoay is very large It will be farther assumed that kh and 
\'h are small, so that squares of these quantities will be neglected. 

With these assumptions the period equation becomes 

(p+p' kh) « 4 +4&V (p+p'kh) 

+ jj7P ( 1 4- kh) +P(Ti + Tg)+A*AT» p( p'] ha? 
+[yp+/5*(Ti+T J ,)]4AV« 

+mi'j + k*r a /p')[(p-p')g+m] rn 0 


For wave-lengths less than a certain limit this equation has two negative 
roots and two complex ones. The two complex roots correspond to the 
mode in which the two liquids vibrate as a single liquid without Blip at 
their common surface The two negative roots show that the waves of the 
other mode are dead-beat 

It appears from the numerical calculation, m the case of h = 1 mm, that 
very approximately the two negative roots are obtained from the last two 
and the first two termB of the equation respectively ThuB they are 


*i = 


V[*(Ti+T«)+ffri 


= -4AV 


These approximations are not, however, sufficiently good to be employed 
in the determination of the two remaining roots, as they necessarily make 
the real part of these roots to be positive, equal to— 

For wave-lengths greater than the limit mentioned above all the roots are 
oomplex, and all the waves are propagated. This limit is given, in general, 
by the condition for equality of the roots of the last three terms of the 
equation equated to zero 

For a glycerine-air surface, T = 65, for a mercury-air surface, T = 640 
It is assumed for the purpose of an illustrative calculation that Ti m 300 at 
the common surface, while Tj = 65. In the table below the effect is exhibited 
of a layer of glycerine of 1 mm depth on the modulus of deoay and velocity 
of propagation of wave-motion at the surface of mercury 
The damping effect of a thin layer of glycerine is very noticeable from the 
table. The rate of deoay of any arbitrary disturbance will depend, in general, 
on the rates of decay of those of the modes, into which it can be analysed, 
which are propagated. The other modes disappear instantaneously. As a 
consequence of this the curvature of the upper glycerine surface is always the 
same as that of the merouiy surface, a fact which may be of importance in 
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the application to an optical instrument such as the one which gave rise to 
this investigation. Prof Wood made use of a depth of 4 nun of glycerine, 
a layer of this depth would give a much greater rate of decay. 


L 

T 

Tc 

TO- 

* 





r 

0 486 

0 201 





2 

- 


0-0026* 

0 0027* 

46 6 



20 7 



. 

10-87 

6 09 


17 6 

IB 7 




■ 

0 417 

0 402 





6 

• 


0 017 

01)17 

803 



28 8 



. 

12-00 

10 08 


28 1 

28*9 





0 862 

0 864 





10 

4 

i 

0 081 

0*082 

1100 



89 8 




89-06 

27 08 


89 5 

40*0 


20 

4 

i 

0 518 

t 

0 618 
t 

6000 

7 10 

64 1 

7 29 

64 1 

64 1 


L u the wave-limgth in omi 

r li the modulus of decay when capillarity u neglected j r f that when capillarity is included ; 
r 0 that of wares at the surface of dean mercury (T -* 640) 
t>, v 0 are the velocities of propagation in the corresponding cases 

# In the case of these quantities the approximation, on the supposition that \'h is small, breaks 
down i but the rote of decay is in any case large 
f The rote of decay cannot be determined without great labour 

If the wave-length is small compared with the depth, the rates of decay 
can be derived from (8) and (9). These approximations are applicable to 
glyoerine, os the wave-length is small The moduli of decay for the two 
modes are (13P) -1 and (491&) -1 ; both of these are extremely small 
In these investigations the damping effect of the air has been negl ect e d 
That this is very considerable in the case of water waves has been shown in 
my paper, to which reference has been mode, but owing to the great density 
of mercury its effect will be small, especially for small wave-lengths, such as 
those tabulated. Its effect m the case of dead-beat modes is absolutely 
negligible 

It may be mentioned that the meronry used by Prof Wood was of com¬ 
paratively small depth, this would cause considerable dampin g m the "< m of 
the longer waves 

[Note added June 19.—It will be notioed from the foregoing table that the 
modulus of decay, when the vibrations are influenced by the glycerine layer, 
increases much more Blowly with the wave-length than in the ease of a H-i in 
meronry surface. This fact may go a little way towards an explanation of 
the damping of waves on water by oil But a complete explanation is to he 
looked for in a totally different direction. Dr Houstoun notes an experi¬ 
mental result which is apparently contradictory to usual experience.* 

* ‘Phil Mag,’ January, 1908. 
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The modulus of decay (r) for waves of length 5 ems. when the surface of 
the mercury is covered by 4 mm. of glycerine is 4 9 secs. All modes beoome 
propagated for wave-lengths greater than some value between 5 and 10 ems 
For a depth of 1 mm. of glycerine this limit lies between 10 and 20 ems., and 
thus we see that as the depth is increased this critical value of the wave¬ 
length approaches that for waves at the surface of deep glycerine, which lies 
between 2 and 3 ems ] 


The Elastic Limits of Iron and Steel under Cyclical Variations 

of Stress. 

By Leonahd Baihstow, A.R C.Sc, Wh. Sch 

(Communicated by Dr Glazebrook, FR S Received April 20,—Read 

May 13, 1909) 

(Abstract) 

An explanation of fatigue is developed m the paper which is in accordance 
with all the researches on the fraoture of materials by the cyclical repetition 
of stress The theory was put forward by Bauschinger in 1886, when he 
suggested that the necessary condition of safety was that the repeated stresses 
applied should be within the limits of elasticity of the specimen, and that the 
least variation from this condition introduces fatigue and ultimately fracture 
ocours 

In order for this to be true for Wohler's well-known experiments, the 
elastic limits must be variable within very wide limits, and the present paper 
describes observations made during the adjustment of the limits of elasticity 
to any particular condition of experiment 

It is now found that iron or steel is capable of adjusting itself to varia¬ 
tions of stress, cyclically applied, after a sufficient number of repetitions 
When the adjustment is complete, the specimen under test is found to have 
become perfectly elastic throughout the whole cycle, and fatigue does 
not occur. 

During the adjustment of the elastic limits to a given cycle of stress, 
a change of length occurs in the speoimen, which corresponds to the 
extension observed in an ordinary tensile test when the yield stress is 
exceeded. For stress cyclically applied, this extension occurs even when the 
maximum stress in the cycle is less than the static yield stress 

VOL. Lxxxn —a 2 K 
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the greater the extension of the specimen during adjustment, the greater 
is the amount by whioh the elastic limits are raised. 

Limits can be found to this power of adjustment, and if the cycle of stress 
imposed exceeds these limits, the specimen becomes or remains inelastic and 
work is absorbed during each cycle this work is expended in moving 
portions of the crystals of the material relatively to one another and is 
probably associated with microscopic slip lines, which gradually develop into 
cracks, and ultimately cause the fracture of the specimen 
As the elastic limits of a new specimen are m suitable positions for 
reversals of equal and opposite stresses, and consequently do not need 
adjustment, fracture occurs without any appreciable extension 
The figure illustrates the relation of the yield, produced by cyclical vana- 
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tions of stress, during adjustment of the elastic limits, to the extension in an 
ordinary tensile test The ordinates are the maximum stresses applied to 
the specimen and the abscisstc the corresponding permanent extension. 
Starting with a new specimen, the line FEA shows tha t , at a stress of 
25 tons per square inch, no permanent extension was observed When the 
load was slightly increased, a sudden extension of about one-fifth of a 
millimetre occurred, this being the well-known yield Further increase of 
stress extended the speoimen still further, the changes being represented by 
a line which cannot differ appreciably from BC. 

In producing the curve FEABO, no cyclical variations of. stress are 
concerned, and the curve is identical with the usual stress 
diagram frequently taken during a tensile test 
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An experiment on a specimen of axle steel showed that, under cyclical 
variations of stress, an extension which was not measurable at the first 
application of the load gradually appeared, due to repeated applications of 
a range of stress slightly greater than the safe range This extension 
continued for some tune, any point on the hue GH representing the exten¬ 
sion at some particular time When the adjustment of the elastic limits 
was complete, H represented the final extension, and no further extension 
occurred due to further repetitions of stress 
The point J was similarly obtained by repeating a cycle of stress having 
a less maximum value than that which produced the extension H. At E, 
which corresponds to the maximum safe stress dining reversals, no extension 
occurred. 

The points H, J, E are evidently on a continuation of the curve BC, and 
when cyclical variations of stress are considered, theie is no break in the 
curve at B corresponding to the static yield point 
Above this point the whole extension is produced by the maximum stress 
only, independently of the range of stress, whu h may be zero. As HJE is 
continuous with BO, it seems possible that an extension such as GH may be 
produced by the repetition of a cycle of stress m which the range is less than 
the safe range 

Below the static yield point, iron and steel appear to be capable of 
maintaining their initial condition for a considerable time against cyclical 
variations of stress which ultimately produce a considerable change of length 
The first application of the maximum load m a given cycle of stress may 
show only a scarcely measurable extension, in spite of the fact that an 
extension two or three thousand times as greAt as the permanent extension 
in the first cycle is necessaiy before stability is reached 
When the extension produced by a large number of cycles is itself small, 
t e , when the maximum stress m the cycle is not greatly m excess of the 
natural elastic limits, it does not seem surprising that the effect of the first 
cycle is not measurable and that ordinary determinations of the elastic 
limit fail to detect changes, which nevertheless are there 
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The Ionisation produced by an a-Particle .—Part I. 

By H Geiger, Ph D. f John Harling Fellow of the UmverBity of Manchester, 

(Communicated by Prof E. Rutherford, F.R S Received May 19,— 

Read June 17, 1909.) 

Using an electrical method, Prof Rutherford and myself* were recently 

able to determine accurately the number N of ^-particles which are expelled 

from a gramme of radium per second The final value of N obtained as an 

average of a great number of observations was 3 4 x 10 10 a-particles per 

second from a gramme of radium itself, or four times this number if the 

radium is in equilibrium with its three «-ray products In another paperf 

the charge carried by an a-particle was measured by the some authors and 

found to correspond to 9 3 x 10~ 10 E S unit Since recent experiments have 

given conclusive evidence that an «-pai tide is identical with an helium atom 

carrying twice the ionic charge, it was necessary to take the ionic charge as 

465xl0~ 10 ES unit. 

» 

The values of N and e as found from the above experiments enable us to 
determine the number of ions which are produced by an a-particle along its 
whole path with a greater accuracy than hitherto A det erminatio n of the 
number of ions produced by an a-particle emitted from radium itself was 
made in 1905 by Rutherford} in the following way. The ionisation current 
due to a thin film of radium was measured at its minimum activity, and the 
total number of a-particles fired off from this film was calculated from the 
total charge which the a-particles earned with them Taking the charge on 
an a-particle as equal to twice the ionic charge e, the number Z of ions 
produced by an a-particle from radium itself was found to be 172x10*. 
This number becomes 118 x 10* if for N and e the latest values, referred to 
above, are introduced 

It was thought advisable in the present experiments to use RaC as the 
source of a-rays The advantages of the active deposit of radium as a source 
of «-rays has been discussed in some detail in a previous paper. About a 
quarter of an hour after removal from the emanation the active deposit gives 
off homogeneous «-rays due to the radium C present and the number of 
a-particles fired off per second at any tune after removal from the 
can be calculated with great accuracy from the 7-ray activity The 
way to determine the number Z of 10ns produced by an a-partiole would be 

* 'Roy 80 c. Proo.,’ A, voL 81, p 141,1808 
t 'Boy 800 Proo,,’ A, voL 81, p. 168,1008. 
t ‘Phil Mag,’ vol 10, p. 188, 1806 
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to measure the quantity of RaC deposited on a plate, and at the same tune 
to measure the saturation cunent due to the complete absorption of the 
whole number of a-partioles expelled from the active {date From these 
measurements the number Z could at once be deduced. 

Preliminary experiments, however, showed that it was impossible to 
determine Z to the desired accuracy m this way Bragg and Kleeman* have 
already drawn attention to the difficulties of obtaining saturation currents 
when a gas is ionised by a-rays at atmospheric pressure Under conditions 
when practically complete saturation for ionisation due to ft- or •y-rays is 
produced, a currant of the same intensity, but due to the a-rays, may be 10 or 
20 per cent below the saturation value. To explain the observed effect, 
Bragg and Kleeman assume that the ions newly formed by an a-partiole are 
specially liable to recombine A much more intense field is therefore required 
to separate them. The effect of “ initial recombination ” is stronger in a 
complex gas than in air, and it decreases rapidly as the pressure is lowered 
Further, it depends upon the velocity of the a-particle which produces the 
ions. The smaller the velocity of the a-particle, the greater the tendency of 
the newly formed ions to recombine f 

On account of the difficulties of obtaining complete saturation under the 
experimental conditions, it was found 
necessary to adopt an indirect method for 
the determination of Z This method is 
briefly described below 

The ionisation due to the whole number 
of a-parfacles expelled from a known 
quantity of BaC was measured at a low 
pressure, allowing only a small definite 
portion of the range of each a-p&rticle to 
be effective. The ratio of the ionisation 
produced within that small portion of the 
range to the ionisation produoed along the 
whole path was then determined by another 
experiment 

As regards the first part of the experi¬ 
ment, the measurements were earned out 
in the following way.—The amount of 
Bad deposited on a small metal plate 
(about S mm. square) was determined carefully by the <yray activity. 

* ‘PhiL Mag./ roL 11, p 468,1906. 

+ Kleeman, • Phil Mag / vol. IS, p. 873,1906. 
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The plate was then suspended by a fine wire exactly m the centre of 
a glass bulb, as seen in fig 1 The internal diameter of the bulb was 
16 9 cm., and the umde surface was silvered. By means of a thin platinum 
wire sealed through the glass, the inside could be charged to any desired 
potential. The wire and the plate attached to it were connected with an 
electrometer of the Dolezalelc type A condenser of 01 microfarad was 
plaoed in parallel with the electrometer As soon as the active plate was 
fixed in position the pressure inside the bulb was reduced to a few 06011 ' 
metres and accurately measured. In most of the experiments the pressure 
was adjusted to 3 73 cm. of mercury. Since the range of an a-particle is 
inversely proportional to the pressure, and each a-particle expelled from the 
active plate in the centre had to travel through 7*95 cm of air at a pressure 

7-95 

of 3‘73 cm., only the first -yjr- x 3 73 = 0 390 cm. of the range of each particle 

was effective. The ionisation ourrent was measured for different intensities 
of the electric field m order to test the degree of saturation. At suoh a low 
pressure and using only small amounts of aotive deposit on the plate, 
saturation was easily obtained This may be seen from the following 
figures*— 


Silvered enrfnoe 
charged to— 

Bate of movement 
of electrometer 
needle 


volte 

40 

80 

180 

880 

880 

dit /tee 

1 51 

1 56 

1 64 

1 65 

1 64 

The activity of the plate corre- 
iponded to 5 8 x 10* e particle* 
per teo Correction* are made 
tor the decay 


After the measurements of the ionisation current had been taken, the 
activity of the plate was again determined as before A senes of measure¬ 
ments was taken m this way Before, however, giving the numerical resulte, 
we shall first consider the method by whioh the ratio of the ionisation 
prodnoed in the known small portion of the path of the «-partiole to the 
ionisation along the whole path was determined. 

The particular shape of the curve which represents the ionisation of an 
a-particle at different points of its path is well known from the experiments 
of Bragg and Kleeman* and Bragg.f Using the «-rays from a film of tadhtm, 
the authors showed that the ionisation produced by an «-partide, per centi- 

* Bragg and Kkeaan, ‘Phil Mag.,’ vol 8, p. 796,1904. 

+ Bragg, 'PUL Mag,’ vol 10,p. 818,190*. 
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metre of path, at firet increases with the distance traversed, ta. increases 
with decrease of velocity of the a-particle. After passing through a maximum, 
the ionisation diminishes rapidly The same result was obtained by 
MoClung,* who used the active deposit from radium emanation, which gives 
off homogeneous «-rays Curves of the same character were obtained by 
Hahnf for the products of thonum and aotinium. 

For the present investigation, as has already been pointed out, it was 
necessary to determine quantitatively the change in ionising power along 
the path of the a-particle. In devising the experimental arrangement it 
was thought advisable to attempt to satisfy the following conditions — 

(1) To use a practically parallel pencil of homogeneous «-rays 

(2) To use an ionisation chamber of very small depth. 

(3) To obtain saturation by taking the measurements of the ionisation 
current at reduced pressure 



The details of the apparatus may be seen from fig. 2. An amount of BaC 
corresponding in y-ray activity to about 2 milligrammes BaBr» was deposited 
on a polished glass disc of 0 6 cm. diameter. This disc B was placed in 
position m the centre of the glass tube M at a distance of 10 to 20 cm 
from the lead plate K, which covered the end of the tube. A fraction 
of the s-p&rticles expelled from the BaC passed through the opening L 
of 1'5 mm. diameter, bored through the centre of the lead plate. The 
opening itself was made airtight by a thin sheet of mica, the thickness 
of which corresponded to 0 92 cm. of air After passing through the mica 
window the a-partides entered the ionisation ohamber N. This consisted of 
two insulated plates A and B, both parallel to the plate C and distant I cm 
from it. The plate 0 and the lead plate E were charged to the same 
potential by means of a battery, the plate B being connected to the electro* 
* MoQliW* ‘Phil *Ug,' vol. 11, p. 181,1906. 

t Hahn, 'Phil Mag.,' vol 11, p. 783,1806, sad vol IS, pp. 83 sad 844,1906. 
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meter, while A served as guard plate to ensure that the current reaching B 
was due only to the ionisation between the plates B and C. In a few 
experiments the ionisation vessel was filled with air at a low pressure, but 
m most of the experiments hydrogen was used at a pressure varying from 
10 to 20 cm, since saturation is obtained most easily in this gas Under 
these conditions a potential difference of 25 volts was sufficient for satura¬ 
tion, The depth of the ionisation vessel corresponded to 0*07 to 014 cm. of 
air at atmospheric pressure 

Measurements were taken in two different ways 

In some experiments the pressure in the tube M was adjusted to a certain 
noted value. Knowing this pressure and the distance of the disc R from the 
opening L, the exact portion of the path of the a-particles, which was 
producing ions between B and C, could easily be calculated After the 
ionisation curTeut had been measured the pressure m M was changed and 
the current measured again Varying the pressure in this way within 
certain limits, the ionisation produced by an a-particle could be measured at 
different points of its path, m this case from 0 92 cm., which was the 
equivalent thickness of the mica window, to the end of the path 
The second method of taking measurements was simpler A Bronson 
radio-active resistance was connected with the electrometer in order to get 
steady deflections The tube M was completely exhausted at the beginning 
of an experiment. The air was then allowed to run in slowly through 
a capillary tube The pressure of the gas at any time was found to be 
exactly proportional to the time of flow Thus the gas between B and O 
was ionised by successive parts of the path of the a-particles and the 
deflection of the electrometer needle vaned as the ionising power of the 
particles In fact, the spot of light from the electrometer would traoe out 
the ionisation curve on a photographic plate when moved with uniform 
velocity at right angles to the path of the light 
Several ourves were taken by the two methods, the gas pressure in the 
ionisation vessel being vaned in the different experiments. The curves, 
however, differed only slightly up to 6*5 cm of the range. The maximum 
current corresponding to 6 5 cm. of the range varied somewhat, bring m 
some expenments 10 to 15 per cent, higher than in others This difference, 
however, can only affect the final result to about 0*5 per cent 
Using the experimental arrangements described above, we cannot obtain 
the ionisation curve at the beginning of the path, since the initial 0*92 cm. 
of the range eras taken up in traversing the mica window. The initial part 
of the curve, however, could readily be taken by using the vessel employed 
in the first part of the experiment and shown in fig; 1. A small amount of 
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active deposit was placed id the centre of the bulb and the ionisation 
current measured for different pressures Up to a pressure of about 15 cm. 
saturation was easily obtained For low pressures the ionisation current was 
found to be nearly proportional to the pressure, while for higher pressures 
the ionisation moreased somewhat more rapidly than the pressure. The 
increase was found to be m agreement with the results obtained by the 
experimental arrangement as in fig 2 But from a pressure of about 20 cm 
(which is equivalent to about 2 cm of the range) the ionisation does not 
increase with the pressure so rapidly as the known ionisation curve would 
lead us to expect This is obviously due to the lack of saturation at the 
higher pressures, even when large potentials are employed 
The curve given m fig. 3 represents the average of all the measurements 
which have been taken It can readily be shown that the corrections to bo 



applied on aooount of the angle of the rays and on account of the depth of 
the ionisation chamber are exceedingly small, and do not appreciably affect 
the shape of the curve. It is thus clear that the ionisation due to a parallel 
pencil of ^-particles travelling with identical velocity doee decrease in the last 
5 mm. of the range. Several possible explanations oan be put forward to 
aooount for this diminution, but a discussion is reserved until some 
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investigations now in progress are completed. On the whole it appears 
probable that the effect is really due to the scattering of the «-particles in 
passing through the gas. 

From the ionisation curve, fig 3, the ratio of the total ionisation produced 
by an average a-particle along the whole path to the ionisation produced 
within the first 0 390 cm of the range is found to be 271. This value is 
obtained from the ratio of the whole area of the curve to the area which is 
enclosed between the ordinates 0 and 0 390 From the ionisation produoed 
within the first 0'390 cm. of the range, as measured m the first experiment, 
we can now calculate the whole number of ions produced by an a-particle 
from RaC. Since all the measurements were taken at practically the same 
room temperature, no correction for temperature was necessary The correc¬ 
tion for the /9-ray effect was found to amount to less than 0 5 per oent. 

Special care was taken in the determination of the constants which were 
used m calculating the figures given in column 4 of Table 1 The condenser 
employed was compared with a standard condenser, the pressure gauge was 
carefully tested, and the sensibility of the electrometer frequently measured 
for different potentials 


Table I 


X 

Aotmty of plate 
measured by 
ynjt 

2 

Number of 
o-paHioles expelled 
per sec 

8. 

Ionisation current 
measured at a 
pressure of 8 *78 cm 

4 

Whole number of 
ions produoed 
by one n-paitiole 

mg Ba 

0 141 

2 40 x 10" 

SB units* 

9 88 

2-40x10 s 

0*0826 

6 63 x10 s 

2 24 

2-86x10 s 

0*0161 

2 66x10 s 

1*04 1 

S 86 x10 s 

0 128 

2 18 x 10 s 

8 88 

8 Six 10 s 

0*088 

1 41x10 s 

6*88 

1 

2 44x10 s 


The average number of ions produced in air by an «-particle from RaC along 
its whole path may be taken, to the nearest figure, as 

2*37 x 10*. 

The ionising power at different points of the path is illustrated by the 
following figures, which give the number of ions produoed per millimetre at 
the respective points of the range All the figures refer to air at atmospheric 
pressure and temperature of 12° C. 

Hie scale in fig. 3 is such that each square oentimetre represents 10* ions. 
The number of ions produoed withm any part of the range can therefore bo 
found at once. 
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Tabl>e II. 


cm. 

At 1 

iotu per mm. 

2250 

2 

2800 

3 

2400 

4 

2800 

6 

8800 

0 

6600 

6 5 (about) 

7800 

7 

* n * 

4000 


There appears to be no simple relation between the ionisation and the 
velocity of an a-partiole. Any attempt to connect them by a theoretical 
consideration must be delayed until further experiments have given an 
explanation of the end part of the curve 

All the experimental evidence seems to show that the a-particles from the 
different radio-active substances are identical m mass and charge but differ 
only in their initial velocity * They all cease ionising when their velocity 
has diminished to the same value, t.e to 1*5 x 10* cm /sec f It seems, 
therefore, justifiable to assume that all a-particles produce the same ionisation 
at the same velocity. Consequently the ionisation curves for different 
a-particles are identical for the same range of velocity Hence it the whole 
range of an a-partide in air is known, the total number of ions produced by 
it oan be calculated from the curve given for EaC. 

The correctness of the assumption was investigated for the a-particles 
from polonium by the following experiment The ionisation current bom 
a small disc coated with polonium was measured at a low pressure (3*73 cm) 
m the Bilvered glass bulb just in the same way as for EaC The number of 
a-partioles emitted per second from the plate was determined by the 
scintillation method.} The plate was fixed in an exhausted glass tube about 
10 cm. from a zinc sulphide screen and the number of scintillations pro¬ 
duced on a square millimetre was counted by aid of a microscope. The 
efficiency of the screen was tested by counting the a-particles from a known 
quantity of BaC It was found that 92 per cent of the a-particles which struck 
the screen produced scintillations. Applying this correction, the total number 
of a-partioles expelled from the polonium plate per second was 4*6 x 10*. 

The ionisation current due to the first 0*390 cm. of the range of all 
polonium particles was 0*120 E.S.U. The current due to a single polonium 

* Rutherford, 'Phil. MegvoL IS, p. 848,1906; Rutherford and Hahn, ‘Phil. Me*.’ 
toL 13, p. 371,1803, 

+ Rutherford, 'Phil. Meg.,’ vol 10, p. 163,1806 

} Regeasr, 1 Verhdlg d. D Phye. Gee.,’ voL 10, p 76, 1806 j Rutherford ead Geiger, 
'Roy. See, ProcV A, vol. 81, p. 141,1806. 
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particle was therefore 0120/23xIQ 4 = 6*2x 10“« ESU The current 
produced by an a-particle from RaC measured under the same conditions is 
407 x 10~* ESU, and therefore the ratio of the two currents equals 1*28. 
Now from the ionisation curve (fig 3), this ratio ought to he 1*18, if the 
range of a polonium particle ib taken as 3 86 cm The difference between 
the two values is within the experimental error, since the determination of 
the number of * particles from the polonium plate by the seintillatioii 
method involved an uncertainty of several per cent 
In the following table the number of ions produced by the different 
M-particles from the radium family is calculated The calculations are based 
on the ionisation curve (fig 3) and the known range of the particles. 


Table III 



Range 

Total number of 
ions produced 


cm 


Radium 

8 60 

1 58x10* 

Emanation 

4 88 

1 74x10* 

Radium A 

4 88 

1 87x10* 

Radium C 

7 *06 

2 87x10* 

Radium F 

8 86 

1 02x10* 


It must be remembered that in calculating the above figures the charge 
on an ion is token as 4 65 x 10~ 10 ESU If further investigation should 
lead to a more accurate value, these results can at once be corrected 
The number calculated for radium itself [163 x 10 B ] is in good agreement 
with the value obtained by Rutherford, considering that his number 
[118 x 10*] must be increased by at least 10 per cent owing to the 
difficulties of obtaining saturation for an intense ionisation at atmospheric 
pressure 

Note on the Determination of Small Quantitiet of Radium 
The total ionisation current due to a gramme of radium at its minimum 
activity and spread out m an infinitely thin film on a plate so that one 
half of all s-partioles are absorbed m ionising is: 

1’21 x 10* E.8 units. 

This result may prove useful in estimating small quantities of radium But it 
must be remembered that the figures given refer to complete saturation. 

Small quantities of radium or other radio-active substances may also be 
determined with great accuracy by measuring the ionisation current at a low 
pressure in a conducting bulb, which may be of smaller dimwwam w a the 
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one employed in these experiments. The number of ions produced by a 
single a-partiole under the special conditions of the experiment is easily found 
from the curve given m fig 3 The determination of the ionisation current 
in the bulb then gives at once the total number of a-particles Care has to 
be taken to obtain saturation and to avoid ionisation by collision, which occurs 
when too large a voltage is applied 

I wish to acknowledge the assistance which Mr E Marsden has given me in 
some of these observations. 

In conclusion, I desire to express my gratitude to Prof Butherford for his 
valuable suggestions and lus kind interest m the experiments 


On a Diffuse Reflection of the a-Particles 

By H Geiger, Ph.D., John Harling Fellow, and E Marsden, Hatfield 
Scholar, University of Manchester. 

(Communicated by Prof E Butherford, F B S Boceived May 19,—Read 

June 17, 1909) 

When /9-particles fall on a plate, a strong radiation emerges from the same 
side of the plate as that on which the ^-particles fall This radiation is 
regarded by many observers as a secondary radiation, but more recent experi¬ 
ments seem to show that it consists mainly of primary yS-partioles, which 
have been scattered inside the material to such an extent that they emerge 
again at the same side of the plate.* For a-particles a similar effect has 
not previously been observed, and is perhaps not to be expected on account of 
the relatively small scattering whioh a-particles suffer in penetrating matter f 
In the following experiments, however, conclusive evidence was found of 
the existence of a diffuse reflection of the a-particles. A small fraction of 
the a-particles falling upon a metal plate have their directions changed to 
such an extent that they emerge again at the side of incidence. To form an 
idea of the way in which this effect takes place, the following three points 
were investigated *— 

(I) The relative amount of reflection from different metals. 

(IX) The relative amount of reflection from a metal of varying thickness 
(III) The fraction of the inoident a-particles which are reflected 

* See Schmidt,' Jahrbuch der RadtoaktivitKt und Electrowk,’ vol ft, p 471,1906 
t Butherford, ‘PhiL Mag.,' vol IS, p 143, 1906 j H. Geiger, ‘Roy Soe. Proc.,’ A, 
vol 81, p. 174,1906 
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For the observation of the reflected portables the scintillation method wee 
used in all experiments. With regard to the details of the method we refer 
to the papers of Regener* and of Rutherford and Geiger t 
On aocount of the fact that the amount of reflection is very small, it was 
necessary to use a very intense source of a-raya, A tube was employed similar 
to that which has been proved to be a suitable source in the scattering expert* 
ments of one of us t This source consisted of a glass tube AB (fig 1), drawn 
down conically and filled with radium emanation, the end B of the tube 

being closed airtight by means of a mica 
window. The thickness of the mica was 
equivalent to about 1 cm of air, so that the 
a-particlea could easily pass through it 
Since it is of importance that the gas 
pressure inside this tube should be as low as 
possible, the emanation was purified according 
to the methods developed by Prof Rutherford § 
The tube contained an amount of emanation 
equivalent to about 20 milligrammes RaBr s at 
a pressure of a few centimetres. The number 
of a-particles expelled per second through the 
window was, therefore, very great, and, on account of the small pressure 
inside the tube, the different ranges of the a-particles from the three products 
{le emanation, RaA, and RaC) were sharply defined 
The zinc sulphide screen S (fig. 1) was fixed behind the lead plate P, in 
such a position that no a-particles could strike it directly When a reflector 
was placed m the position RR at about 1 cm from the end of the tube, 
scintillations were at once observed. At the same time the screen brightened 
up appreciably on account of the reflected /9*particles. 

By means of a low power microscope, the number of scintillations per 
minute on a definite square millimetre of the soreen was counted for 
reflectors of different materials Care was taken that the different reflectors 
were always placed in exactly the same position 
It is, of course, to be expected that the number of a-particles reflected 
from the plate would be different m different directions, and would also 
depend on the angle of incidence. In our arrangement, however, no appre¬ 
ciable difference was found for different angles This is due to the feet that, 

* •'Verb d. D Phyrn. Get.,' voL 10, p. 78,1908. 

+ 'Boy 8oc Free,’ A, voL 81, p. 141,1908. 

{ Geiger, ‘Boy. Soc Proc.,’ A, voL 81, p. 174,1908 

S ‘ Pbd Mag,’ August, p. 800,1906. 
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owiug to the necessity of having the tube very near to the reflector, the 
angle of incidence varied very much An investigation of the variation of 
the effect with the angles of incidence and emergence would necessitate a 
parallel and very intense source of homogeneous arrays, which can, however, 
not easily be realised 

In the following table the number of scintillations observed per minute 
are given in column 3, m column 4 the ratio to the atomic weight la 
calculated, and it can be seen that this ratio decreases with decreasing 
atomic weight The cose of lead appears to be an exception which may be 
due to slight impurities m the lead. 


1 . 

Metal 

2 

Atomic weight, 

3 

Number of scmtUlationa 
per mmuto, Z 

4 

A jZ 

Lead 

207 

62 

80 

Gold 

107 

67 

84 

Platinum 

105 

63 

88 

Tin 

110 

34 

28 

Silver 

108 

27 

25 

Copper 

64 

14 5 

28 

Iron 

56 

10 2 

18*5 

Aluminium 

27 

3 4 

i 

12 5 

■ 


Even m the absence of any reflector about one scintillation per minute 
was observed It was easy to show that this was due to a reflection from 
the air through which the a-particles passed. The numbers on the table 
are corrected for tins effect 

It 18 interesting to note here that for ^-particles the number of reflected 
particles also decreases with the atomic weight of the reflector* But 
while for /8-particles the number reflected from gold is only about twice aa 
great as for aluminium, for «-particles the same ratio amounts to about 
twenty 

(II) We have already pointed out that the diffuse reflection of the a-particles 
is a consequence of their scattering According to this point of view, the 
number of particles reflected must vary with the thickness of the reflecting 
screen. Since gold can be obtained m very thin and uniform foils, different 
numbers of these foils were used as reflectors. Each foil was equivalent in 
stopping power to about 0*4 mm. of air. It was necessary to mount the 
foils on glass plates, but the number reflected from the glass itself was found 
to be very small compared even with the number fr6m one gold foiL The 
curve, fig 2, gives the result of the measurements. 

* McClelland, 4 Dublin Tnuu.,’ vol. 9, p. 9,1906. 
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The number of scintillations which were due to the reflection from the air 
is subtracted from each reading The first point on the curve represents 
the number of scintillations observed for a glass plate alone as reflector, 
the last point (marked 30) gives the number of scintillations when a thick 
gold plate was used 



o z 4 e 5 » u m w 3 zo 2*5 5e 256 

Number of gold foils 

Flo 2 


The curve is similar to those whioh have been obtained for the reflection 
of the /9-particles.* It brings out clearly that the reflection is not a surface 
but a volume effect 

Compared, however, with the thickness of gold which an «-partide can 
penetrate, the effect is confined to a relatively thin layer In our experi¬ 
ment, about half of the reflected particles were reflected from a layer 
equivalent to about 2 mm. of air. If the high velocity and mass of the 
•-particle be taken into account, it seems surprising that some of the 
•-particles, as the experiment shows, can be turned within a layer of 
15 x 10 -t cm of gold through an angle of 90°, and even more To produce a 
similar effect by a magnetic field, the enormous field of 10* absolute units 
would be required. 

(Ill) In the next experiment, an estimate of the total number of particles 
reflected was aimed at For this purpose the emanation tube used In the 
previous experiments was unsuitable, firstly, on account of the difficulty of 
oorrectly ascertaining the number of •-particles emerging from the tube, 
and seoosdly, on account of the different ranges of the •-partides from the 

• McClelland, ‘ Phil Mag { vol 9, p 290,1909, 4 Ann. d. Phye.,’ to) 18, p. 974,1906; 
•Schmidt, ‘ Ann d Phjra,' vol 23, p 671, 1907, ' Phye. Zut,* voL 8, p. 797,1907 
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three products: emanation, radium A, and radium C Consequently, as 
radiating source, radium C, deposited on a plate of small diTnapmaim, was 
used. The arrangement, which is sketched in fig 3, was such that the 
«-particles from the plate A fell upon the platinum reflector B, of about 
1 square centimetre area, at an average angle of 99° 

The reflected particles were counted on different 
points of the screen S 

No appreciable variation of the number was 
found with different angles of emergence, the reason 
of which has already been explained above 

The amount of radium C deposited on the plate 
was determined by its 7 -ray activity Assuming 
that 34xl0 10 particles are expelled per second 
from an amount of BaC equivalent to 1 gramme Ba,* the number of 
oepurticles expelled per seoond from the active plate was determined The 
number falling on the platinum reflector was then easily calculated from its 
known distance and area To find the whole number of reflected particles, it 
was assumed that they were distributed uniformly round a half sphere with 
the middle of the reflector as centra. 

Three different determinations showed that of the incident a-particles about 
1 m 8000 was reflected, under the described conditions 

A special experiment conducted at low pressure showed that in the case of 
gracing incidence the number of partioles reflected at a very small angle to 
the reflector is largely m excess of the number calculated from the above 
ratio. This tangential scattering is of considerable importance in some 
experiments, for instance, if a-particlea from a radio-active source are fired 
along a glass tube of appreciable length the conditions are very favourable 
for this efieot. The number of scintillations counted on a screen sealed to 
the other end of the tube is made up not only of the particles striking 
the sereen directly, but also of those which have been reflected from the glass 
walls of the tube. 

The correction for the latter effect may be appreciable, and would be still 
greater in the case of a metal tube. In the counting experiments of 
Rutherford and Geiger this effect did not influence the final result, the 
arrangement being suoh that the reflected particles were prevented from 
entering the opening of the ionisation vessel by the narrow constriction of a 
stopcock. * 

It appears probable that the number of reflected particles depends also 
upon riie velocity of the a-particles falling on the reflector In our case 
* Buthsrford and Geiger, 'Boy. Son Proa,' A, vol 81, p. 188(1908 
VOL. LXXXU —A 2 L 
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the particles from the radium C had to travel through a little over 
a centimetre of air before reaching the reflector. The reflected particles 
had still an appreciable velocity, since, by interposing an aluminium foil of 
thickness equivalent in stopping power to & cm. of air, the number 
of scintillations counted was not changed This might be expected from 
Experiment (II), which showed that the a-particles are reflected from a 
relatively thin surface layer of the reflector 

We are indebted to Prof. Rutherford for Ins kind interest and advice 
throughout this researoh. 


The Passage of Electricity through Gaseous Mixtures. 

By E M. Wellisch, M A (Sydney), Emmanuel College, Cambridge 

(Communicated by Prof. Sir J. J. Thomson, F It S Reoeived June 2,—Bead 

June 17, 1909) 

Introductory 

According to the current theory with regard to the production of ions m 
a gas subjected to the action of Bontgen rays, the act of ionisation consists 
m the expulsion of one or more corpuscles (t t negatively charged units of 
electricity) from each of a certain number of molecules constituting the gas 
The residual portion of each of these molecules is then said to be positively 
charged, although the nature of this charge is not in any way specified 
There are thus present in the gas negatively charged nuclei (it, the expelled 
corpuscles) and positively charged nuclei (the residual portions of the ionised 
molecules); owing to the forces due to electrostatio induction these nuclei 
attract several of the gas molecules, and the resulting molecular aggregates 
constitute the gaseous ions, both negative and positive 

Suppose, now, that a mixture of two gases, eg, sulphur dioxide and oxygen, 
is subjected to the action of Bontgen rays, the positive nucleus would be of 
greater volume and mass in the case of sulphur dioxide than of oxygen, and 
in consequence it is quite possible that the resulting ions should show ■ 
differences. Accordingly, if the two groups of'positive ions move in the 
same electric field, a difference in velocities might thus reasonably be 
expected. 

The object originally proposed in the present senes of experiments was to 
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ascertain whether the ions of each sign produced by Bontgen rays m a 
mixture of two gases, or of a vapour and a gas at normal temperatures, 
possessed two distinct mobilities when influenced by an electric field 



Experimental Method 

It was found that Langevm’s method as ordinarily applied, and of which 
a description is given in a recent paper by the writer,* was not exactly 
suited for the purposes of the present investigation On this account 
a modified form of Langevm’s method was devised The ionisation chamber 
consisted of a cylindrical brass vessel with an aluminium bottom, inside the 
chamber were two rectangular aluminium electrodes B and A (fig 1), which 
were connected respectively to a source of potential and to an electrometer 
by means of wires led out through ebonite iplugs, the electrode A being 
surrounded by an aluminium guard nng The dimensions of B were 
23 by 6 cm, and of A were 7 by 4 cm , the two electrodes were placed in a 
vertical position, and at a distance from one another of 31 mm The inside 
of the chamber was lined with paper so as to minim ise effects due to 
secondary radiation. A single flash of Rdntgen rays of very short duration 
was sent through a slit between two rectangular plates of thiok lead, after 
passing through another similar slit the rays then passed into the ionisation 
chamber, grazing the electrode B A narrow layer of ions was thus formed m 
the gas or gaseous mixture m the vicinity of the electrode B The lead 
* ‘Phil Trans,,’ A, vol.>00, p. 84ft, 1909 
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plates were adjustable, bo that both the position and the width of the slit 
could be readily altered Suppose, now, that the electric field is such that the 
force on a positive charge is from B to A; then immediately after the 
passage of the rays the positive ions will commence moving towards A, 
while the negative ions will commence to be absorbed m the electrode B 
Let now the electric field be reversed at any definite interval t after the 
passage of the Bbntgen rays, the positive ions which have not reached A will 
be turned back, while the negative ions which have not been absorbed in B 
will proceed towards the electrode A Suppose, on the whole, a quantity Q of 
electricity is received by A 



Pio. 9. 


The ourves connecting Q and t will be of the character given in fig 2, 
the ourve MPQRST refers to the case when B is positive before reversal, 
and the curve ABODE!' to B negative before reversal; the oblique por ti o ns 
of the curves correspond to the finite width of the layer of ions, while the 
part that lies along the time axis occurs when the field is reversed after all 
the negative ions have been received at B, and before any of the positive ions 
have reaohed A The distance between the points on the time axis oone* 
spondmg to the points P and S represents the time taken for a positive ion 
to traverse the known distance from B to A, henoe the actual velocity oan 
be calculated. If there were two distinot mobilities, eg., as might be expected 
for the ions m a mixture of two gases, theiv the ions would begin to separate 
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as Boon as the rays had passed, and the actual curve obtained would be of 
the form MPQj’stfST, in which the point a corresponds to the receipt by A of 
all the positive ions of larger mobility, and the point S to the receipt of all 
the more slowly moving ions 

Thus an experimental realisation of the curve expressing the relation 
between Q and t should decide the question as to whether there are two 
distinct mobilities for the ions of any one Bign in a mixture of gases 

Experimental Procedure 

The diagram of connections is represented in fig 1, W and W' are two 
iron weights, whioh are supported by means of an electromagnet, on 
breaking the circuit through the magnet these weights fall simultaneously 
and break the platinum contacts at K and K' respectively The breaking of 
the oontaot at K', which is in the primary circuit of a Marconi induction coil, 
gives rise to an induced E M F in the secondary, and causes a momentary 
discharge to pass in the Rontgen bulb X, when tho contact at K is broken 
the potential of the electrode B of the ionisation chamber is reversed, as is 
manifest from the diagram, B being a watei resistance of the order of 
1 megohm, and B at the moment of breaking being at the potential of 
the point & The time interval between the Rontgen ray flash and the 
subsequent reversal of potential could be adjusted by suitably fixing the 
position of K' with legard to a graduated vertical scale, the actual values oi 
the time interval were calculated by means of the ordinary formula for 
a body falling freely under gravity The bottom of the falling weight W 
was at a height of 54 8 om above the contact K C is a capacity of about 
7 microfarads inserted in parallel with the primary of the induction ooil in 
order to prevent sparking at the contact K', when the spark was entirely 
eliminated, and when the current through the primary of the induction coil 
was kept constant, the intensity of the Rontgen ray flash was sensibly 
constant at each discharge. A Dolezalek electrometer with a fine platinum 
suspension was employed in order to measure the ionisation produced, with 
the needle charged to a potential of 80 volts, the electrometer afforded a 
per volt of 620 mm on a scale about 1 metre distant. 

In the previous paper (loo. cit ) a brief discussion is given with regard to 
the theoretical assumptions and experimental difficulties in connection with 
Langevin’s method, for a more detailed account the reader is referred to 
Langevm’s original memoir.* 

A single reading was taken in the following manner 
(i) K' is adjusted to the required height on the scale 

* 'Ana. de Chun, st da Phys,’ VII, voL 88, p. 498,1003. 
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(ii) The electrode A and the quadrants are earthed and the contact K is 
made 

(lii) The magnet circuit is completed at F, the weights W and W are 

placed m position, the electrode A is insulated, the quadrants 

remaining earthed 

(iv) The contact K' is made, the magnet circuit is broken, allowing the 

weights to fall and break the contacts K and K' 

(v) After the weights have fallen, the ions will have had sufficient time 

to he all received at the electrode , the contact at K is then remade 

(vi) The total quantity received by A is then measured on the electro¬ 

meter 

The gases employed weie all carefully dried before passing into the 
ionisation chamber The chamber was exhausted by means of a water pump 
and 'a Topler mercury pump, and the gas or vapour passed into it m the 
manner described m the previous paper. 



Fie. 3. 

Experimented MmUU. 

Sulphur Dumde and (keygen —The first mixture of gases investigated 
that of sulphur dioxide (pressure 131 mm.) and oxygen (529 mm.); 
pressures being chosen so that each constituent gas afforded practically 
same ionisation from the flash of Bontgen rays. The curves obtained 


MIS 
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given in fig 3; these correspond to positions of the slit between the lead 
plates, so that the layer of ions produced by the Rontgen ray flash did not 
graze the electrode B, the width of the slit between the plates was about 
3 mm It is noticeable that there is no evidence of the existence of a portion 
of the curve corresponding to the part rat in fig. 2 The curvature of the 
oblique portions is due probably to non-uniformity in the distribution of the 
ions In the present instance, the fall of potential across the electrodes was 
242 volts, and the times taken for the positive and negative ions to traverse 
a distance equal to that (31 mm ) between the two electrodes were 00551 
and 0*0519 sec respectively, these time intervals corresponding to the sum 
of the abscissa 1 of the points B and S m the case of the positive ion and 
1’ and E m the case of the negative ion. The resulting mobilities are 
0*72 cm./sec for the positive ion and 0 76 cm /seo for the negative ion 

The curves in fig 3 are typical of other curves which were obtained for 
the same mixture corresponding to different positions and different widths of 
the slit 

Ethyl Ether and Air —Fig 4 represents similar curves obtained for 
a mixture of ethyl ether (122 mm) and air (508 mm), the pressures being 



again so chosen that the ether and the air afforded practically the same 
ionisation from the flash of RSntgen rays. In this case, again, there was 
no evidence of two distinct mobilities either for the positive or for the 
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negative ions. The fall of potential across the electrodes was 202 volts, end 
the calculated tunes required for the positive and negative ions to traverse 
the distance between the electrodes were 0 0457 and 0*0353 seo. respectively. 
The mobilities of the positive and negative ions at the aotual pressure of 
630 mm were 104 and 135 cin./sec. respectively. Several other senes of 
curves were drawn with different widths and different positions of the slit, 
but m no instance was there evidence of two distinct mobilities either for 
the positive or negative ions 

In connection with the experimental curves, it is worthy of notioe that the 
ordinates of the points F and B are each less than the ordinates of the points 
S or E, whereas in the theoretical curve the ordinates are represented as 
being of equal length This is due to the distortion of the electuc field which 
occurs on the reveisal of potential, the electrode A being now no longer at 
zero potential, and some of the lines of force in consequence passing over to the 
guard nng, which is earth connected The electrode A will therefore receive 
only a fraction of the total number of ions which are formed near B, the 
remainder being received by the guard ring. The mobility values are, 
however, unaltered, as the abscisses of the points P and B are not affected. 

Another point worthy of mention m connection with the experimental 
curves is that the actual width of tlio layer of ions was invariably greater than 
the width of the slit between the lead plates This effect is probably to be 
asonbed to secondary radiation from the gas and is without influence on the 
mobility values 

If we regard these curves as typical for any mixture of two gases or ot 
a gas and a vapour, we are led to the conclusion that with the motion of the 
ion through the medium there must be associated some phenomenon of such 
a character as to produce a statistical average, so that as a result we are 
unable to detect the existence of two distmot mobilities m the mixture 
Such an averaging might be explained in the following manner (for brevity 
wo will consider only the case of the positive ion) — 

The positively charged nuolei obtained from ionisation of the molecules of 
the two gases build up molecular aggregates which constitute the positive 
ions, but during the passage of the ion through the medium there is a con¬ 
tinual exchange of the molecules constituting the ionic duster with the 
molecules in the medium On this account the differences in the sue and 
mass of the two original nuolei would not of necessity result in the positive 
ions having two distmot mobilities. This is the conclusion at which 
M Blanc* arrived as a result of his experiments on mobilities in gaseous 
mixtures, in particular the experiment in which an ion formed in carbon 
* * Journ. d« Phya,* voL 7, p 836,1308. 
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dioxide and passed through air was shown to have the same mobility as an 
ion formed in air and passed through air 

The experimental results to be described later lead, however, to an entirety 
different explanation of the statistical average. 

There is an interesting feature in connection with the curves (figs 3 and 4) 
which suggests at first sight the existence of an averaging effect It us 
noticeable that the distance along the time axis corresponding to the points 
B and S is greater than the corresponding distance for the points B and C; 
and similarly that the distance along the time axis for the points D and £ 
is greater than the corresponding distance for the pointB P and Q, m other 
words, the ions require a longer time after their arrival at A before they are 
all received by the electrode A than what is necessary for them to be all 
received by B after their armal. It appears, therefore, that the original 
layer of ions broadens out in its passage through the medium In order to 
test this pomt more completely, curves were drawn with oxygen alone m the 
ionisation chamber These curves are given m fig 5, from which it can be 
readily seen that the bioadening out of the layer of ions occurs markedly for 



the positive lone end to a very small extent for the negative ions, in fact* 
the small extent m the latter inetanoe is ascribable to the effects of diffusion 
occurring during the motion of die ions. The writer has hitherto been unable 
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to assign any definite reason to account lor the broadening out of the layer of 
positive ions, but m this connection it is of interest to note that Franck and 
Westphal* have recently drawn attention to the existence among the positive 
ions of a certain percentage which carry a double charge of electricity 



Fio 6 

In figs 6 and 7 aro given the curves obtained for sulphur dioxide and 
ethyl ether respectively They were obtained under the following experi¬ 
mental conditions 

Fig 6—Sulphur dioxide (formed from sodium sulphite and sulphuric 
aoid), dried by passing through caloium chloride Pressure, 331 mm 
Potential of B before reversal, 202 volts Time taken to traverse 31 mm 
positive ion, 0*0486 second, negative ion, 0*0541 second Calculated 
mobility values at pressure of 331 mm : positive ion, 0 98 cm /sec , negative 
ion, 0 88 cm./sec. 

Fig. 7 —Ethyl other (Kahlbaum’s preparation fractionally distilled and 
dried with metallic sodium) Pressure, 122 mm Potential of B before 
reversal, 121 volts. Time taken to traverse 31 mm . positive ion 
0 9404 second, negative ion, 0 0404 second. Calculated mobility indues at 
pressure of 122 mm. . positive ion, 1*97 cm./sec , negative ion, 
1*97 om/sec. 

It is to be observed that in the oase of sulphur dioxide the mobility of the 
• 1 Varhaud. Deuta Phjr*. GkaelL,' No. 9, p. 146,190ft 
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positive ion is greater than that of the negative, and that m this instance it 
is the layer of negative ions which appears to broaden out during motion 
through the gas. 



T/me /n seco/rds 
Fie 7 


Effect of Small Traces of Vapov/rs on the Values of the Mobilities of the Ions 

formed tn Air 

It has been shown by Zeleny and by Rutherford that the vapours of water 
or alcohol when present in small quantities in air produce a marked 
diminution in the mobility of the negative ion There was very little effect 
on the value of the mobility of the positive ion m air, in oarbon dioxide the 
positive ion increased in mobility when water vapour was added and m 
hydrogen it decreased The following table exhibits the values of the 
positive and negative mobilities in the dry gases and also in gases saturated 
with water vapour— 


CfM. 

*+• 

*- 

Authority 

Air (dry) . , . 

,, (moot), „ . 

Durban dioxide (&rj) 

_ . ” fa 0 ”) •• 

om«/»eo 

1 86 

1 87 

0*76 

0 88 

870 

6*80 

* 

cm /mo 

1*87 

1 61 

0*81 

075 

7*06 

5*90 

Zeleny 

n 

i» 

ir 

« 
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A series of experunents was conducted in order to ascertain the effect 
produced on the ionic mobilities m air by adding small quantities of different 
vapours, it was found that the vapours of methyl iodide or ethyl bromide 
had very little effect on the mobilities of the positive or negative ion, while, 
on the contrary, the vapours of alcohol or acetone produced a marked 
decrease in the mobilities of both the positive and the negative ions The 
results are given in the following table— 


Gai 

*+• 

k _ 

Prewar* 

- 





cm /■ ec 

cm /mo 

mm 

Air 

X 87 

1 80 

787 

Air and 6 mm of CeHaBr 

1 82 

3 80 

787 

„ 0 mm of CH S I 

1 87 

1 80 

787 

„ 10 mm of CjHgO . 

0-fll 

1 10 

755 

„ 9 mm of CgHgO 

1 15 

1 87 

7S6 


Mixtures m which the Ions are formed from one Constituent only 

When the ionisation chamber was filled with hydrogen at 760 mm 
pressure and a very narrow slit (about 1 mm) was employed, it was found 
that even with large currents through the primary of the induction coil 
there was extremely little ionisation produced from the Bingle flash of 
Rontgen rays, such ionisation produced a scale deflection of less than 1 mm 
The ionisation chamber was then exhausted to a very low pressure and 
methyl iodide was passed in till a pressure of 6 mm was attained, owing to 
the ease with which this vapour is ionised, on the passing of the flash of 
Rontgen rays quite a workable deflection (about 30 mm) was obtained 
Hydrogen was then passed m till the total pressure was 760 mm The 
mobilities were then measured and the following results were obtained — 

Negative ion . ... 6*86 cm /sec. 

Positive ion. 5 07 cm /sec. 

Another senes of expenments in which 12 mm of methyl iodide was 
employed gave— 

Negative ion. 5 96 cm./sec 

Positive ion . 481 cm./sec 

Zeleny’s values for pure dry hydrogen are— 

Negative ion... 7 96 cm /see 

Positive ion . 6*70 cm /sec. 

It appears, therefore, that when the ionisation is all due to the methyl 
iodide the resulting ions move through a medium which is not sensibly 








1909.] Electricity through Gaseous Mixtures Sll 

different from hydrogen with a velocity which approximates to that which 
would ensue if the ionisation had been due to the hydrogen 

If we consider for the moment the positive ion only and if we regard it as 
the molecule of methyl iodide with which is associated a charge (e) equal to 
that carried by the monovalent ion m electrolysis, it is easy to calculate 
a superior limit to the velocity with which such an ion would move under 
unit electric intensity through hydrogen at 0° C and at a pressure of 
1 atmosphere The formula given by the writer (loc cit.) is 

where M denotes the mass of the methyl iodide molecule, 
vi mass of the hydrogen molecule, 

£ s' radius of the methyl iodide molecule, 

£ s radius of the hydrogen molecule, 

tf coefficient of viscosity of hydrogen, 

K specific inductive capacity of hydrogen, 

p pressure of hydrogen in eg s units, 

pi deusity of hydrogen at 760 mm pressure, 

v mean velocity of agitation of a hydrogen molecule, 

A quantity pie/m 

The factoi in the curling brackets corresponds to the diminution in 
mobility resulting from the inductive attraction between the ion and the 
neighbouring molecules 

The experimental values of the quantities involved in the calculation 
are A = 130x10“ ,, = 85x10-*, ^ = 9x10-*, p = 1,014,000, 

K-l = 26x10“* 

In order to calculate s'/s it was taken as equal to {M/m d/d'}i, where 
d! and d denote the densities in the liquid state of methyl iodide and 
hydrogen respectively With d' = 2 33, and d = 0 08 we have s'/s = 134 
On making the neceseaiy substitutions it is found that the mobility (under 
1 volt/om) of the methyl iodide molecule through hydrogen is 0*58 om /sec 
if we negleot the diminution m the mean fine path due to the attraction of 
the neighbouring molecules, while if this attraction be taken into account 
the value of % is 0*15 cm /seo Of oourse, any clustering round this 
moleoule as nucleus would produce a further diminution in the value of the 
mobility The calculated mobility values, even under circumstances tending 
to increase the velocity, are thus considerably less than the actual observed 
mobilities. We are forced to the conclusion that the charge cannot have 
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been carried throughout by the methyl iodide molecule, or, in other words, 
there must have been, at least initially, a transference of the charge from the 
methyl iodide molecule to a hydrogen molecule 

A similar train of reasomng leads to the neoessity of supposing that for 
the larger portion of its path the negative charge must have been associated 
with a hydrogen molecule 

Experiments were also performed in which the ions were produced from 
caibon tetrachloride and mercury methyl and then passed through hydrogen. 
Besults similar to those above described were obtaiued both for the positive 
and negative ionB 

In the case when 3 mm of mercury methyl was mixed with 757 mm of 
hydrogen and the ionisation was, as before, wholly due to the vapour, it was 
found that the mobilities of the ions through the mixture were 

Negative ion .. .. 718 cm/sec 

Positive ion .... .. 516 cm/sec 

Calculations similar to the preceding give for the mobility of a charged 
molecule of mercury methyl through hydrogen 

0 33 cm /sec if the attraction of the neighbouring molecules be neglected, 

010 cm /sec if this attraction be taken into consideration 

It is evident that the above considerations apply d fortiori to this 
particular case 

Experiments with regard to the Stability of the Vapour Ions 

The results described in the preceding section suggest that the ions 
formed from the large vapour moleoules are unstable in the presence of the 
hydrogen molecules, inasmuch as the charge appears to be immediately 
transferred to the moleoules of hydrogen Experiments were then conducted 
to ascertain whether the vapour molecules could hold the ionic charge for 
any considerable period in the presence of hydrogen. For this purpose the 
chamber was exhausted by the mercury pump to a low pressure, and then 
methyl iodide was passed in and swept through by means of a water pump 
till the pressure was 7 cm. The ionic mobilities were then ascertained and 
a small quantity of hydrogen was added, the mobilities were again deter¬ 
mined , further hydrogen was added, and so on till atmospheric pressure was 
reached. The chamber was again exhausted and a similar senes of experi¬ 
ments was gone through, commencing with 51 mm, of methyl iodide. The 
mobilities were also measured m a similar manner when the imtul pressures 
of the methyl iodide were 25 mm., 12 mm., and 6 mm. The results obtained 
are given in the following table.— 
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Pressure 

* + 

A- 

GHgl 

Hj 

Total 

mm. 

mm 

mm 

cm /seo 

cm /seo 

70 

— 

70 

2 67 

2*67 

70 

69 

129 

2 52 

2*52 

70 

183 

263 

2 18 

2 18 

70 

81S 

386 

2 06 

2*06 

70 

687 

767 

2-00 

2*00 

61 

— * 

61 

8 95 

s es 

61 

ie 

67 

3 80 

8 80 

61 

61 

112 

3 61 

| 8 61 

61 

884 

386 

8-00 

3 12 

61 

714 

705 

2 65 

1 2 76 

25 


26 

7 61 

7 56 

25 

86 

110 

6 90 

1 6*03 

25 

360 

886 

4-00 

4 20 

26 | 

782 

767 

8 60 

8 85 

12 

873 

386 

5 05 

6 41 

12 

751 

763 

4 46 

5 62 

0 

870 

386 

9 60 

— 

6 

i 

757 

1 

768 

6 20 

6 81 


The results for the positive mobilities are exhibited m the curves shown 
in fig 8, the curve for pure hydrogen is based on Zeleny’s values, and 
several points on the curve for puie methyl iodide have been calculated on 
the assumption of the validity ot the law pk = constant 

In order to interpret the results, let us consider the particular curve- 
corresponding to 7 cm of methyl iodide It is evident that the addition of 
a small quantity of hydrogen does not appreciably alter the mobility, had 
the vapour ions been unstable and transferred their charge to the hydrogen 
molecules we would have expected a marked increase in mobility due to the 
small mass of the new carrier When further hydrogen is added the 
mobility decreases only very slightly, in fact, although the pressure changes 
from 7 to 76 cm the mobility only decreases from 2 7 cm /seo, to 2 cm /sec 
From this result we deduce that as hydrogen is added to the methyl iodide 
the oharge tends more and more to be carried as a hydrogen ion, although 
the methyl iodide molecule can accompany the charge to quite an appreciable 
extent even m the presence of a considerable quantity of hydrogen. 

From an inspection of the ourves it can also be seen that the mobilities 
approximate more quickly to those of pure hydrogen the smaller the initial 
quantity of methyl iodide. 

Considerations of a similar kind apply to the negative ions 
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Another set of mobility values was obtained in which ethyl bromide was 
used in place of methyl iodide, the resulting curves were of a similar nature 
to those above described. 


Discussion on the Mechanism involved tn the Transference of the 
Positive Charge 

It has been shown in the preceding sections that a positively charged 
vapour moleoule when moving through hydrogen can transfer its charge to 
a hydrogen molecule. It is interesting to speculate on the different ways 
in which this might occur. On the one hand it is possible it**, owing 
to the strong eleotno field surrounding the charged vapour molecule, a 
oorpuscle might be dragged out of a hydrogen moleoule, in this way (die 
vapour molecule would become neutral, and the residual portion of the 
hydrogen molecule would on the ordinarily accepted theory carry a positive 
charge. On the other hand, the vapour molecule might transfer a positive 
unit of eleotricity to the moleoule of hydrogen in a manner to what 

we may consider oocurs in the case of the negative ion. The writer is more 
inolmed to the latter view, especially as such a view appears to be neoessary 
m order to explain the fact that in some gases, e.g., sulphur, dioxide, tile 
positive mobility is greater than that of the negative. 
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The preceding considerations with regard to the transference of charge 
from the vapour molecule to the hydrogen molecule depend ultimately on the 
applicability of Maxwell’s formula L = {wmr'^/l+M/w} -1 for the mean 
free path of a single uncharged molecule of mass M m a medium consisting 
of moleoules each of mass m, n denoting the number of molecules per unit 
volume, and a the sum of the radu of the two kinds of molecules. The 
application of this expression to the case of the diffusion of gases has been 
made by O Meyer* who calculated the diffusion coefficients for a senes of 
gases by a method involving this formula, and obtained a striking agreement 
with observation 

If L denote the mean free path of the methyl iodide molecule through 
hydrogen at any pressure, and l the mean free path of the methyl iodide molecule 
through methyl iodide at this pressure, and if we regard the above formula as 
valid we deduce 

L. s'* 

l “V+O*’ 

where £ s' and £ s denote the radn of the vapour and gas molecule respectively 
Taking as before s'/s = 134, we obtain L/l as 0 22 approximately Now, 
the mobility at constant temperature is proportional to the mean free path, 
provided the ion is unaltered in mass and dimensions, as is readily seen 
from Langevm’s expression for the mobility k = sL/MV, where M denotes 
the mass of the ion, L its mean free path through the gas, and V its mean 
velocity of thermal agitation It follows, therefore, that if the ion formed in 
pure methyl iodide at any pressure be unaltered or mcreased in mass and 
dimensions by the addition of any quantity of hydtogen, the curves for the 
mobilities shown m fig 8 would all lie nearer the axes than the mobility 
curve for pure methyl iodide The actual positions of these curves as 
determined experimentally imply that the ion d i m inish es in mass and 
di m en sions as the hydrogen is added If the ion is then to be regarded as 
consisting of a duster of molecules, it is necessary to postulate the original 
transference of charge by either of the methods indicated above and, in 
addition, the decrease of the ion in mass and dimensions as the hydrogen is 
added, this might possibly arise if we regard the addition of hydrogen as 
decreasing the tame during which the ionic cluster involves a methyl iodide 
molecule, so that when a considerable quantity of hydrogen is present the ion 
would be approximately a cluster of hydrogen molecules Another explana¬ 
tion as to the nature of the passage of the electricity through the medium is 
given in the next paragraph, this view is capable of explaining in a simple 
manner all the preceding results and, moreover, is in harmony with other 
• • Kinetic Theory of Oasis,' 9ud Edition (English), p. *74. 

VOL. LXXXIL—A. 2 X 
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phenomena xn connection with gaseous ionisation, eg, the formation of fresh 
Ions by collision 

The Mechanism underlying the Passage of Electricity through Oases at 
Ordinary Temperatures and Pressmes. 

It has been shown above that it is necessary either to postulate tile 
existence of a unit of positive electricity or to suppose that there is some 
mechanism not involving the supposition of a positive electron by which 
a charged molecule can transfer its oharge to a neutral moleoule Either 
alternative renders it extremely probable that when the ions move through 
a medium consisting of a mixture of two gases there ib a continual intei- 
change of charges between the two sorts of molecules; the oharge is 
associated for a fraction of its life in the gas with the molecules of one kind 
and for the remaining portion with the other kind of moleeuleb. It is 
a natural inference to conclude that a similar process occurs m the Bimple 
gases such as oxygen, carbon dioxide, etc In the previous paper it was 
shown that the observed mobility values of the gaseous ions could be 
explained approximately on the supposition that the ion consisted of a single 
chaiged molecule if we took into account the diminution of the mean free 
path due to the attraction of the molecules by the charge on the ion This 
interchange of charge between the molecules in the medium occurs both for 
the positive and negative ions, the marked differences in the values of the 
mobilities of the two kinds of ions m certain gases, e g., oxygen, hydrogen, etc, 
is explicable if we suppose that the charge which is in general associated 
with the molecule can exist m the free state for a certain fraction of its life 
On this view the negative mobility would be greater than the poaitive for 
those gases whose molecules have a greater affinity for the positive oharge 
than for the negative, thus for gases such as oxygen and hydrogen it is 
necessary to suppose that the positive chai-ge is associated with the mo lec ules 
for a longer time than is the negative corpuscle. In ad diti on it would 
appear from experiments on the mobilities in flames that the frm* d uring 
which the charge exists m the free state is a function of the temperature, so 
that as the temperature increases the um approximates to a rfngia detached 
electrical charge either positive or negative Such a view harmnninru with 
recent experiments by Moreau,* who found that in a flame at 2000* 0 the 
mass of the negative earner was 1*1 x 10"“ gramme, whioh is intermediate 
between that of a corpuscle (10"* 7 ) and that of an atom of hydrogen (10-**> 

It follows also as a result of the experiments made with regard to the 
effect on the mobilities of small traces of vapours that we must suppose that 
* * Comptes Bendas,’ voL 148, p 841,1909 
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the moleculeB of certain vapours (eg, water, alcohol, acetone) tend to hold 
the charge in association with them much more strongly than the molecules 
of the heavier vapoure such as methyl iodide IhuB if a small quantify of 
ater-vapour be mixed with carbon dioxide at one atmosphere the charge 
(both positive and negative) would be earned for a considerable portion of 
the path by the water molecules, owing to the relatively small mass of the 
molecule of water we would expect an increase in the mobility of the 
positive ion, but m the case of the negative ion this increase might be more 
than counteracted by the shortening of the penod during which the oorpusole 
exists in the free state, so that on the whole the mobility of the negative ion 
would be decreased Similar reasoning would explain, although merely 
desonptively, all the observed phenomena with regard to the effect of small 
quantities of vapours on the mobilities of gaseous ions. 

It is of interest to record that Prof Sir J J Thomson* has recently 
advanced the theory that the act of ionisation consists m the expulsion from 
the molecule of both a positive and a negative unit of electricity, sueh 
a view is quite m accordance with all the experimental results described in 
this paper 

I take this opportunity of expressing my gratitude to Sir J. J Thomson for 
the inspiring interest he has manifested throughout the research and for 
many valuable suggestions 


* *PhiL MagvoL 16, p. 685, 1908. 
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The Effect of Pressure on the Band Spectra of the Fluorides of 
the Metals of the Alkaline Earths. 

By R Rossi, B.Sc 

(Physical Laboratories, The University of Manchester ) 

(Communicated by Prof. Arthur Schuster, F B S Received May 19,—Read 

June 17,1909) 

The effect of pressure on arc spectra of several elements has been carefully 
examined in recent years by Humphreys* and Mohlerf m America and by 
Duffield* m this country 

All lines were found to widen out and to shift under pressure towards the 
lees refrangible end of the spectrum, and for a given line this shift was 
found to be approximately proportional to the pressure of the gas surrounding 
the arc. 

The cyanogen bands were also investigated by Humphreys and Mohler, 
but were found not to show any pressure-shift Their heads reverse} under 
pressure, and the components m which the bands are resolved widen out but 
do not Bhow the least trace of shift I have repeated these experiments up 
to pressures of 110 atmospheres, but even at that high pressure the centre 
of the heads of the bands at atmospheric pressure is seen to coincide with 
the oentre of the reversals of the same heads under pressure 

It has been suggested by Humphreys that lines which show a large 
Zeeman effect ought to show a large pressure-shift effect, but the experi¬ 
mental proof of such a connection is not yet complete. 

Ho evidence that bands showed a Zeeman effect was obtained until 
Dufour,|| about one year ago, observed that the bands of the fluorides of the 
metals of the alkaline earths are an exception to this rule It was there¬ 
fore thought interesting, on account of Humphreys’ hypothesis, to see if 
these particular bands which sbodr a marked Zeeman offset would also be 
displaced by pressure I was fortunate m having the use of the 21|-foot 
Rowland concave grating of this laboratory, which has been previously 
carefully mounted by Dr W G Duffield and used by him for similar work. 

* W. J, Humphreys,' Aatrophys. Journ.,’ vol 4, p 249; voL 3, p. 114; voL 22, p, 117; 
voL 86, p. 16 

t J, F. Mohler, * Astrophya Journ.,' vol. 3, p. 114, voL 4, p 175 . 

jTO. Duffield,' FhtL Trans.,’ A, vol 908, p. Ill (1906), and vol 209 p. 806 (1906). 

g J E Petsvel and R. 8. Hutton, ‘FhiL Msg* [6], vol 6, p. 671 (1909). 

|| A. Dufour, ‘Comptea Rendu*,’ vol. 146, pp. 118 and 229, 1906 { 'Le Radium," 
October, 1906. 
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Both the first and second order spectra were observed, giving on the 
photographic plate a dispersion of 2 6 and 13 Angstrom units respectively 
per millimetre. 

The source of light was an electric ate placed inside the pressure cylinder 
designed by Prof PetaveL* The fluorides examined were placed in the 
positive carbon of the arc, which was excited by direct current (about 
12 amperes at 100 volts) Wratten and Wainwnght panchromatic plates 
were found to be the most suitable, the maximum exposure being one hour 
at 40 atmospheres in the second order spectrum 

The comparison speotrum, at atmospheric pressure, was photographed in 
the central strip of the plate both before and after the one taken under 
pressure, to show whether any accidental displacement had occurred during 
the exposure The spectrum taken under pressure appeared above and 
below the comparison spectrum The photographs were measured with 
Kayser's machine, from 8 to 16 readings being taken for each band 
Each of the components into which a band was resolved waS found to 
shift the same amount towards the red end of the spectrum Htace 
measurements were made on as many components as possible, but in some 
cases where the band was much weakened by pressure, measurements had to 
be confined to the first and most distinct component, viz, the head of 
the band. 

Owing to the asymmetrical reversal and widening of the components of 
these bands under pressure it is difficult to make accurate measurements, 
and in some cases at low pressures, where the displacement is small, the 
error in the measured displacement may be a large one, amounting to even 
20 per cent., for higher pressures, of course, the probable percentage error 
of the measured displacement is much reduced. 

Calcium Fluonde. 

Thu compound gives three bands fading towards the violet end of the 
speotrum with heads at XX 6036 96, 6060 81, 6064‘49« In the first experi¬ 
ments the powdered fluonde was introduced into an opening bored into 
ordinary carbon poles, but it was found that the arc did not bum as well 
wider high pressures as with the carbons whioh are sold commercially for 
flame eras and whioh contain large quantities of calotum fluonde. The 
latter were therefore used in the final experiments. 

Each of the three bands was found to shift towards the red, the 
components of the same band shifting the same amount. 

Table I gives the mean values of the displacements, in Angstrdm units, at 

* B. 8 Hutton and J. E. Petard, ‘Phil Trans.,' A»vol 807, p. 411 (1808). 
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each pressure taken from the two sets of photographs in the first and in the 
second order. 


Table T. 


Band with head 
at K 

Pressure in atmospheres (excess above one atmosphere) 

n 

10. 

16. 

20. 

80 

40. 

0080-06 

0-078 

0 120 

0 140 

0 165 

0 276 

0 871 

0000-81 

0*061 

0*002 

0 112 

0*188 

0-801 

0 201 

0004 40 

0*068 

0*118 

0 160 

0 188 

0 276 j 

[ 0872 

i 


Table II gives the mean displacement per atmosphere and also the 
Zeeman separation in the magnetic field as found by Dufour. In the last 
column the direction of rotation is called normal when, as with ordinary 
metallic lines, it agrees with that deduced from the assumption that the 
electron giving nse to the observed oscillation is negative An abnormal 
rotation may, but does not necessarily mean, that the electron is positive 
as has been pointed out by Dufour in his latest publications 


Table II 



Mean displacement 

Magnetic separation 

Direction of 

at x 

per atmosphere 

m A U 

circular polafbation 


m A U 

H - 10,000 (Dufour) 

(Dufour) 

6086*06 

0*0106 

0 81 

abnormal 

6060 81 

0*0078 

0 22 


6064 40 

0*0108 

0 80 

normal ' 


The relative intensity of the bands is not affected by pressure! the hand 
with head at a. 6050 81 being always much less intense than the o ther two 
both at atmospheric and under high pressure 

The components of the bands were always found to be reversed, at 
atmospheric and at high pressure 

The band having the greatest tendency to reverse is, however, X6036. 
For in one photograph at atmospheric pressure taken in a preliminary 
experiment with a graphite pole containing small quantities of calcium 
fluoride, X6064 la an emission band; X6080 is faintly reversed; wide 
X 6086 la strongly reversed. 

All components In which the bands are resolved widen out 
pressure; bat these of the band X6064 to a greater extent than those of the 
bands X6060 and X 6088. 
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iStrontwm Ffoumde. 

Strontium fluoride gives five bauds, fading away towards the violet, and 
with heads at XX 6418 82, 651184, 6527*89, 663243, 6655*40. 

The positive pole was a graphite tube about 15 cm. outside diameter and 
1 cm inside diameter. 

Powdered graphite was mixed in a mortar with an equal amount of 
strontium fluoride and with a very small quantity of sugar Bolutum in water, 
and a paste as homogeneous as possible was thus prepared. The graphite 
tube was then filled with the paste and baked m an oven at about 400° C 
The sugar carbonised and a fairly hard and homogeneous mass was left inside 
the pole, such poles were found to burn under pleasure far better than if 
the bored pole had been filled with the fluonde alone, or with mixed fluonde 
and graphite alone Using the latter methods the fluonde is partly blown 
away by the arc and partly melted, falling to the bottom of the hole, 
with the result that the bands are weakened, and a much longer exposure is 
required 

Graphite was used instead of carbon, because it contains less unpunties, 
burns slower, and is a better conductor. 

Owing to the long wave-lengths of these bands, coloured screens would 
have been necessary to prevent overlapping if the work had been carried 
on in the second ordei spectrum, and also longer exposures would have been 
required Photographs were therefore taken in the first order only 

Table III gives the displacements in Angstrom units , Table IV gives the 
mean shift per atmosphere and the magnetic separation 


Table III 


Bend mik heed 

at A 

Pmbsu re in atmosphem (excess above one etmoephove). 

10. 

15. 

so. 

86 

65X1<Bi 

0 *122 

0 141 

0‘178 

mem 

66*7*80 

0*004 

0 100 

0*146 


6689 48 

0-088 

— 

0 160 


6866*40 



0 187 

usm 


These bonds were emission bands at atmospheric pressure; but under 
higher pressures, X8511 and X6682, were found to be reversed. 

4s the p r ess ur e increases the intensity of the two bends at X6682 end 
\ 8656 deeseesee more rapidly than the intensity of X 6611 and X4527. 
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Table IV. ' 


J 

Band with head 
at X 

Mean displacement 
per atmosphere 

in AU 

Magnetic separation 
in A U 

H — 10,000 (Dufour). 

Direction of 
circular polarisation 
(Dufour) 

" ..« —— ~ 

mi *84 

o-oua 

0 40 

| abnormal 

6687*89 

0-0070 

0*40 

17 

6683 48 

0-0077 

0 48 | 

| normal 

6666 40 

0-0068 

t 

' probably abnormal 


Barium Fluoride 

The poles were prepared in the same way as those for strontium fluoride 
The bands with heads at XX405085, 4992 25, and 500071 were studied, 
these bands fade away towards the red. The displacements m Angstrom units 
are given in Table V, the mean displacement per atmosphere and magnetic 
separation in Table VI 

Table V 


Band with head 
at X 

Pressure in atmospheres (oxocss above one atmosphere) 

6 

12 6 

16 6 

4650 86 

0 060 

0*080 

0 121 

4002 28 

0 098 

0 146 


6000*71 

0-068 

0 006 

— 


Table VI. 


Band with head 
at A. 

Mean displacement 
per atmosphere 
in A IT 

Magnetic separation 
in A U 

H - 10,000 (Dufour) 

Direction of 
circular polarisation 
(Dufour) 

4060 86 

o-ooo 

0 84 

abnormal 

4098 88 

0-016 

0 18 


6000-71 

0-010 

0 84 

normal 


The intensity of these bands decreases rapidly with pressure. At 
15 atmospheres the bands X4992 and X 5000 have vanished, and at 20 the 
band X 4950 has also disappeared At atmospheric pressure they were always 
found to be emission bands. At 5 atmospheres X 4992 is still an mvAoti 
band, X5000 is faintly reversed, and X4950 is completely reversed. Under 
pressure, the band at X5000 broadens out more than the other two. 
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It will be noticed that the highest pleasure employed was only 
15'6 atmospheres in the case of barium, and 40 in the case of nalniiim- 
Ezpenments at still higher pressures were not practicable for the following 
reasons *—The banded spectra of these fluorides are almost entirely due to 
light emitted by the outside layers or “ flames ” of the arc Under pressure, the 
aro shortens very much, at 50 atmoBphereB, it is only a few millimetres long, 
it is very bright, but the flashing “ flames " of a long arc which are obtained 
at atmospheric pressure seem to become more and more rare as the 
pressure increases. A long exposure would be required to obtain a good 
photograph under such conditions This drawback was most marked when 
the banum fluoride was used; at 20 atmospheres, no sign of the bands 
appeared on the plate for the ordinary exposure A still longer exposure 
would have fogged the plate owing to the continuous spectrum given by the 
incandescent poles whose images, in oonsequence ot the shortness of the arc, 
could not always be kept away from the slit 

Although it is clear that these particular bands which show the Zeeman 
effect are also displaced by pressure, there seems to be no obvious relation 
between the magnitudes of the two effects For example, m the case of the 
oaloium fluonde bands the displacements due to pressure are proportional 
to the magnetic separation, while m the case of the banum fluonde the 
larger the Zeeman effect the smaller the pressure-shift In the case of 
the strontium fluoride there does not seem to be any relation at all between 
the magnitudes of the two effects. 

The amount of pressure-shift apparently does not depend upon whether 
the circular polarisation agrees in direction with that deduced from the 
motion of positive or negative electrons The displacements found for these 
bands under pressure are of the same order of magnitude as those found 
by other observers on line spectra The linear relation between displacement 
and pressure found for line spectra seems to hold roughly also for these 
bands 

Many thanks are due to Prof Butherford for placing the necessary 
apparatus at my disposal and for the great interest he has taken in this 
work 

To Dr W G. Duffield I must also express my thanks for the experience 
I gamed under him during the last few years m high pressure work. 
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The Coefficients of Capacity and the Mutual Attractions or 
Repulsions of Two Electrified Spherical Conductors when 
close together. 

By Alexander Bussell, M. A, D Sc, MI £ E. 

(Communicated by Dr C. Chree, F E.S. Beeeived June 2,—Bead June 17,1909.) 

Introduction 

In connection with spark systems of wireless telegraphy, a knowledge of 
the electrostatic energy stored between spherical electrodes at the instant of 
the disruptive discharge is of great value to the engineer. In order to 
increase this energy, without unduly increasing the applied potential 
difference, the electrodes have been placed in compressed or highly rarefied 
gases and m oils or other liquid dielectrics having great electric strength In 
these cases the least distance between the electrodes may only be a small 
fraction of the radius of either, and so the computation of the electrostatic 
energy by the ordinary formula; is so laborious that it is practically 
prohibitive 

By extending a mathematical theorem first given by Sohlomileh,* the author 
has succeeded in gieatly simplifying the computation of this energy The 
fonnulee given below are very easily evaluated when the spheres are close 
together, and hence, in conjunction with KirchliofTsf final modification of bis 
own formula, they give the complete practical solution of this important 
historical problem. 

The formuke obtained enable the attractive or repulsive forces between 
electrified spherical conductors to be easily calculated, however close the 
spheres are to one another They have been employed to recalculate the 
latter portion of the table published by Kelvm.J This table has also been 
extended so as to make it more useful to physicists and »w.r^*na 


Mathematical Theorem. 


By Sohlomilch's method (foe at ) we can prove that 
w» 1 __ I'(n)—log# ,1/1 1\ Bi«b * Bgf&c 3 , 

* SS*W=i * + 2 t"lTTr Al “-4i 


_ B»*-i (nx ) tm ~ 1 A 
-2m'- 


* * ZeiUcbnft fttr Matinmatik and Pbyak,’ vol 8, p, 407, I860 
t 1 Annalen der Phywk,’ vol. 27, p. 673, 1886 
t ' Phil. Mag.,' Apnl and August, 1863, or Bspnnt, p. 83. 


(i) 
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Approximately, provided that the last term la very small compared with unity 
In thfc formula Bj, Ba, B& . ,,are Beraoulli's number** 

F(») * j+y n *”x M4+ T ?l6 —’ (2> 

. / w-i* 1 1 , (2m—l)B t 

and (-) A ** -1 85 2m«* i " - 2« 3 * ri+ 2» n* m ' a 

(2w—l)(2m—2) (2m—3)Bg ^ (3) 


It is easy to ahow by Starling's theorem that 

F(n)»-r'(l/n)/r(l/n)-logn, (4> 

and hence, by the properties of gamma functions, 


F (n)-F(-2—) = Troot- -log (n-1) (5> 

' 1/ n 


In many cases the value of F(n) may be simply expressed* For 
instance, if y denote Euler's constant, wo have 1 (1) ® % F(2) ** y+ log 2, 
F(3) = 7 + 7 r/ 2 v / S + ilog3, F(4) = 7 +ir/2+log2, etc In general, how- 
ever, the value of F(») has to be computed by a senes formula In our 
problem n is never less than unity, and so the following formula can always 
be used— 


Sa-1 


F < n ) =B « +7+ _L 1+ | C ot?-logn4- ^ 



(b> 


where S m = + . The values of Sj, S»,. ., are given (eg) in 

j** 2 W 

Dale’s * Mathematical Tables.’ 

From (3) we can show that when n is unity A'fa,_i m B ta ,-i/(2m), and 
when n is 2, A "*,-1 = (l-2-»“ +1 )/(2m). We can also show that for 

any value of n, other than 1 or 2, A^-i lies m value between A'n-i and 
A"te-i Its value also is not altered when we write 1—1/» for 1 /» 

Writing t for (»—l)/» a , we easily find that 

It A lf a 4 _ 1 t» fi 
Al “ 12 — 2 ’ Ai m l2o”*4 ’ ‘ 2B5 5“l2’ 


At 


1 f* <* 
240“5“'6"'l2’ 


, . 5 <• «» 8^ 3fi 

and A « - 6 g 0 ’'lo'"i'“l0~20 


The author has verified by actual calculation that, to a seven figure- 
accuracy at least, formula (1) is true, both when n is 1 and when n is 2, 
even when * is as great as * log 2, it. 1*8« nearly, and powers of * greater 
titan the ninth are neglected. 
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Putting nml in (1) we get Schlomiloh's Theorem. Schlomilch has 
verified by actual calculation that when x is log 2*5, i e 0 916 nearly, hiB 
formula, neglecting powers of % beyond the ninth, practically gives the 
numerical value of the series correctly to 10 significant figures He has 
also shown that when x is not greater than log (10/9), le 0 105 nearly, the 
lormula 



y-H x +i -JL 

x 144 


(7) 


gives a seven figure accuracy. To obtain the same accuracy by Clausen's 
Theorem, which was utilised and extended by Kirchhoff {loo cvt ), 13 terms 
would have to be taken, aud the calculation of the later terms is very 
laborious 


The Capacity Coefficients of Two Spheres 

Let us consider the case of two spherical conductors whose radii are a 
and b respectively, and let e he the distance between their centres. If the 
charges and potentials of the spheres be 91 , and v\, v» respectively, 
we have 

?1 = il,l»l + Il,jVj'l ^ 

and </a ** 

where £ 1,1 a°d *i,s are the capacity coefiioients of the two spheres The 
values of these quantities in terms of a, b, and e are given by the following 
equations* •— 


f * » ^ 

* u = X % sTnh («+**)’ 

tm >0 

1 

• 1 

smh (£+**)’ 


(®) 

( 10 ) 

( 11 ) 


where 4e*X* = (c+«+4)(<>-a-&)(fl+a-6)(e-a+J), (12) 

siah« * \/a, sinh/9 = \/b, and sinhw -= Xe/ab (13) 

We alto have _ 

« m *+# and a m log(j+ l+£jj (14) 

When 0 —a —l is small, it is neoessary to alter the formula (9), (10) and 
* Cf Mmw. 11, rol 1, § 173. 
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(11) by means of (1) so as to lessen the labour involved in the computation. 
From (9) we have 

2* _ m 1 ae 1 

*1.1 sg ri ~ — V 1 _ 

2X i 

0 0 

_F(n)~log(«/2") B,® . 7Bj»* . 31B»«» . 

-2^ “ + ir Al+ “TT A>+ -6r A * 


+ 


127 Bj® T A , 511 B*® 9 4 
_ T _ Aj+ __A fc 


(15) 


very approximately, where n»«/« 

Finding the corresponding formula for k$^J2\ and subtracting it from (15), 
we get, by (5), 




7rX 


cot 


ITU 

«+0* 


(16) 


very approximately 

When the spheres are so close together that \ is small compared with 
a or 6, otssX/rt and j9sX/i, and hence 




J^cot ^ 
a-f b a-fo 


(17> 


This formula* has been obtained previously for the case of spheres m 
contact. 

From (10) also we find that 

*i 2 _ 7 —log(«/2)^ <» 7«* j_ 31 ® # 

2\~ 2® 144 86400 7620480 


very approximately. 


L 127 ® 7 , 511 «• 

+ 29t)364060 3161410560 * 


(18) 


The Attractions or Repulsions between the Spheres 

It the potentials of the spheres be maintained constant, Kelvinf proved 
that when they alter their positions owing to their mutual electric actions 
they move in such a way that the eleotrostatac energy of the. system is 
increased by an amount exactly equal to the work dime ou the conducting 
spheres by the eleotrio forces. If W be the electrostatic eneigy, we have 

and therefore 

&- F ' 

* Set Maxwell, rol 1, § 175 and the references given there 
t Reprint, p. 406, Second Edition. 
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where the least distance between the spheres, and F is the 

force between them If F is negative, W increases as e diminishes, and 
therefore the force is attractive, but if F is positive the force is repulsive 
The values of 3&i,i/5r, 3fc*, s /0Le and dk^a/dx can easily be found from the 
preceding formulae. 


Spheres at Microscopic Distances apart 

In this case, x((a+b) being supposed negligibly small compared with unity, 

we have \ a m ? n \ x, and a an( j hence 

a+b ah 


*» = a-T5{ F ( 1+ !) + ‘ +»V«y- 


(19) 


If the difference of potential produced between the spheres by giving a 
•charge 4- q to one and — q to the other be V, then q/Y is defined* to be the 
capacity between the spheres 

This is the capacity that is generally considered by electrical engineers 
It is easy to showf that its value is 


Kih.t—h.f 

J t l,l+fo,^+2fcJ l^ , 

and hence it can be found by (19) 

The joint capacity of the two spheres when at the asm* potential is 
h, i + &».a+ 2&j,s It therefore equals 

_^ 1 {f( 1+ |) + p( 1 + 5)_2 7+ 1c*S5+^} (20, 

When this capacity is 2olog2, when a = 2 b, it equals a log 3, 

-When a m 3 b, it equals }aiog4, etc 

If the square of the difference of potential (vi*~vt)* between the two 
spheres be not very small compared with t>i s +«i* the foroe F between them 
is attractive and is given by 


* Sir J. J. Thomson, 4 Electricity trad Magnetism,’ Thud Edition, p. M. 
t Rusnll, 4 Alternating Current*,' toL 1, p. 98. 
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* The Cate of Equal Spheres 

When the spheres are equal, , *= ka,% and the formulas become 

t * x /9RKftfi^9 1 ™, ®* 49®* 961«» 16129®* 

Ki ~ ^2 6566o72-logw- 144 “ 121927680“1.8579456000 

261121 ® Kt ~l 

1618642206720J * 1 


1618642206720. 


261121 ® w ' 
161864220672. 


b X QtTftOAQQ 1 __ t ^ , 7 6)^ , 31 t 127 

^' a ~ w l 1 270362 g " + 72 + 43200 + 3810240 + 145152000 

, 611 «"> 1 
+ 3161410660 J ’ 

_3/fc lf i _ in/e \\ , 1 /, , « a , 49® 4 961®* 16129®? 

5» \ a \4 «/ ® a l 72 86400 20321280 2^2243200( 

261121 ® w "1 
+ 161864220672J ’ 
and 

9A:, (S _ -A. liS /c X\, 1 /, ® a _ 7®* _ 31 »* _ 127®* 

X* \4 ®/ ® a \ 36 10800”636040 18144000 

611 « 10 \ 

316141056/ 

If a be the radius of each sphere, we have 

\ s /a a = xja +j?/(2ay aud ® = 2 log (\/a+\Zl+X*/a*), 
Formulas (22)—(25) were used in computing the following tables ■— 




1 26802' 
1 27420 
1 29816 
1*81880 
1 84828 
X 88481 
1 48181 
1*49828 
1*68896 



* Computed alto by Kirohhoff {ho of,). 


-*m/« 


X *10856 
1 17853 



*u/«. 

1 

-*u/« 

mini 

1 27181 

1 "44246 
2*01698 

2 69124 

8 16864 
3*74249 
4*81810 
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«/«» 

-*( 3 *u/ 3 ») 

*( 0 t urd*)‘ 

_ ■*- - . - 


KeW 

Formula (25) 

Kelvin* 

mam 

0 17424* 

0 17482 

0 20680 

0 20680 

ISOi 

O 20105 


O 28107 



O 23168 

O 23160 

0 26464 

0*26464 


0 27810 


0 80678 


0 8 

0 82924 

0 829l7t 

0 86825 

O 86867 

0 26 

0 40848 


0 44299 


0 2 

0 62888 

0*62862 

0 66862 

O 66860 

0*16 

0 78066 


0 76608 


O 1 

1 18844 

1 13844 

1 17489 

1 17488 


* Given also by KirohhofP (toe cvt ). 

t Kelvin had calculated the value previously by himself and made it 0*82096 (tee Reprint, 
V »») 


wja 


4 (3*i,./S®) 

*/a 

-4(3*m/3*) 

i(d*»s/dr) 

0*00 

1 2761 

1 >8111 

0 02 

6 1048 

6 1410 

0*06 

1 4461 

1 4823 

0*01 

12 840 

12 377 

0*07 

1 8686 

1 7028 

0 0,1 

124*82 

124 86 

0*06 


1*9972 

0*0,1 

1249*8 

1240*8 

0 06 

2 8786 

2 4101 

0*0,1 

12600 

12600 

0*04 

2*9988 

8*0804 

0*0,1 

126000 

126000 

0*08 

4*0294 

4*0681 

0*0,1 

1260000 

1260000 


Simplified Formulas for Equal Spheres, 

When xfa xb small, we find that 




(28) 

(27) 


Pnttmg */« = 1/10 ux theae formula;, we find that Jfe M = 168897 and 
—&M** 088855 The true values are 158395 and 088352. (28) 

and (27) can be used in all practical calculations when xfa is not greater 
than a tenth 


When an accuracy of the hundredth part of 1 per cent suffices and c/a is 
not greater than 1/10, we may use the formula; 


and 


><*..+M-.(l+4)(l««M- ifi) <»> 


for the oapacity between the two spheres and their joint capacity respectively. 
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It will be teen that this latter capacity is very little greater than 2a log t 2, 
the value which it has when they touch. 

Similarly, when the squares and higher powers of xfa are negligibly 
small compared with unity, the electrostatic force F between them is 
given by 


■p_ «(®i —VaY f ■« 127+1* 1*. a, a? , .a*\ 

* l 1 36 » 6« °®* tfW °^*j 


+ ^-i (^ +V) (30) 


When x/a is small, and (i>i—is not very small compared with 
the magnitude of the attractive force is approximately 

=1# (31) 

8 x 


We Bee, therefore, that when the spheres are very close together the 
attractive force vanes as the diameter of either sphere, aa the square of 
their difference of potential, and inversely as the least distance between 
them 

When the spheres are at the same potential, the formula given by (30) 
agrees with that found by Kelvin for the repulsive force between two 
spheies in contact As he pointed out, thts force is independent of the size 
of the spheres 

Finally, if the charges on the spheres be + q and — g respectively, we 
find by (28) and (31) that the attraction between them is given by 

F = 2 s / 2 ob {1 2704+i log, (a/*)}®, 

which when 2 54 can be neglected compared with log,(«/*) may be written 

F SB 2 flax {log,(a/*)}* 


2 x 
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On the Origin of certain Lines %n the Spectrum of e Ononis 

(Alnitam) 

By Sir Nokman Lockiek, KCB, FRS, F E. Baxandall, ABC Sc., 
and C P Butleb, ARCSc, F.BAS, FRTS 

(Received May IB,—Read June 17, 1909) , 

[Platb 2] 

Although the great majority of the lines in the spectrum of e Orioms— 
which is the type-star of the Almtamian Group of the Kensington 
Glassification—have previously been traced to their source, there remained a 
few outstanding lines for which no satisfactory origin has been suggested 
Recent research here has revealed what appear to be, with little or no doubt, 
the laboratory equivalents of these lmes, whose approximate wave-lengths 

{ 4647 6 

1B _. rt , the latter being a close double, the mean 
46o0 8 

position of which falls very near the strong oxygen line 4649 3 The first of 
these lines was given m previous publications* as being probably due to 
silicium, forming with lines at 40891, 41164, what were described as the 
Group IV lines of that element In a later publication by Mr Lunt,f 
although the lost mentioned lines were confirmed by him as being high 
temperature silicium lines, he concluded that the line 4097 could not be 
ascribed to Si, as he bad found no trace of such a line in any of his silicium 
photographs The results now arrived at here bIiow that his conclusions were 
correct, this line having been traced to another origin 1 

In the course of an inter-companson of the spark spectra of various metals, 
a set of four lines of peculiar behaviour was noticed by one of us in the spark 
spectrum of chromium These appeared as “ pole " or “ beaded” lines near 
one edge of the spectrum, and are shown in stnp 10 of the Plate, where they 
are indicated by four small arrows. Although the spectrum contained several 
hundreds of lines, a search for other lines of similar appearattoe along the 
same edge of the spectrum failed to reveal any. Here, then, was a set of 
evidently associated lines—possibly all due to the same element—which 
ooourred specially under the conditions of the vapour surrounding one pole of 
the Bpark. It was at once seen that the poettion of the lines was in the 

* ‘Roy floe. Pmc.; >ol 67, pp. 403—409, October, 1900 j ‘Roy floe. Aw, 1 vol. 74, 
pp. 296—fP8, October, 1904 

t “The Spectra of Silicon, Fluorine, and Oxygen," ‘ Actuals of Cepe Obeervafny,’ 
vol 10, p 153,1906 
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vicinity of’HS, and the presence of strong lines in this region in the spectrum 
of e Orioms suggested a careful investigation of the laboratoiy wave-lengths 
and a comparison with the wave-lengthB of the stellar hues 

As the chromium photograph contained lines of iron and calcium as 
impurities, several standard lines of these metals were available foi use as 
fiducial lines Those adopted were 4005408 (Fe), 4063759 (Fe), and 
4226904 (Ca) From measures made on these and the “pole” lines, the 
wave-lengths of the latter were calculated by Hartmann's formula They 
resulted as follows — 

4089 04 4103*54 

4097 49 4116*29 

The first and last of these weie so near the wave-lengths of the two strong 
lines of silicium (Group IV), previously referred to, that a sihcium origin at 
once suggested itself. A comparison of the chiomium and sihcium spark 
photographs confirmed this suggestion, the lines m the sihcium spark 
agreeing exactly in position with the outside pair of “ pole " lines of the 
chromium spark 

To establish definitely the occurrence of silicium as an impurity in the 
chromium, the other groups of silicium lines were looked for m the chromium 
spectrum Those of Group II (41281, 41311) and Group III (45628, 
4568 0, 4574 9), were unmistakably present. The lines of Group I (3905*8, 
4103*2) were doubtfully present, but as these occur more prominently as arc 
than as spark lines, their possible absence could be understood It may be 
said here that the Group II and Group III lines of silicium occur m this spark 
spectrum of chromium as ordinary hnes, and not as lines intensified at one 
edge of the spectrum similarly to the Group IV hnes. 

It thus became evident that at least two of the strange quartette (4089 and 
4116) could be accounted for as being due to sihoium occurring as an 
impurity m the chromium used 

With regard to the other pair, the stronger line of the two (4097 4) was 
known to be so near the well-marked line of unknown origin in e Ononis 
(mentioned at the beginning of this paper) that it was determined to enlarge 
the stellar spectrum up to the scale of the laboratory spectrum of chromium 
and make a direct comparison of the two to see if the stellar and laboratory 
lines agreed m position When this was done it was found that the three 
lines mentioned (4089,4097,4116) fitted exactly the three well-marked lmes 
of « Ononis in the neighbourhood of H$ (see stnps 10 and 11 of the Plate) 
The position of the fourth strange line (4103*5) is so near H5 that the latter 
line, being strong and diffhse in the star, probably masks the stellar counter¬ 
part of the laboratory line. 


2 K 2 
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Although, then, there appeared to be no doubt as to the identity of the 
stellar and laboratory lines, it remained to determine the c hemic al element to 
which the middle pair of abnormal lines could be attributed 

Search for Origins of Lines 4097 4, 4103 5 

From previous experience we knew that the Group IV lines of silicium— 
with which the above lines are associated in the chiomium spark photograph 
—show more prominently under vacuum tube conditions than in the ordi¬ 
nary spark spectrum We determined, therefore, to toBt various vacuum 
tubes to see if any of them furnished such a pair of lines. As these lines are 
in the portion of the spectrum beyond the visual region, it was impossible to 
watch for their appearance, or, if they ocourred m the spectrum, to watch 
their behaviour while the electrical conditions were being varied It was 
known, however, that in the Ahiitamian stars there is invariably a strong 
double line of unknown origin near the strong oxygen line 46493 This 
being well inside the visible region of the spectrum, a careful oampanson of 
the region near this oxygen line was made, using vacuum tubes containing 
various gases, with the object of determining whether any abnormality or 
intensification near the oxygen line mentioned was introduced while the 
spark discharge conditions were being varied 

Using a vacuum tube whioh contained alcohol vapour, under the low- 
tension spark condition the oxygen line 46493 and other oxygen lines in 
the same region presented quite their normal appearance. With a strong 
disruptive spark, however, it was instantly seen that there was a conspicuous 
intensification in the spectrum at or near 4649, without any corresponding 
alteration m the intensity of the neighbouring oxygen lines Thm appeared 
so encouraging that it was decided to obtain at once a photographic record of 
the spectrum for more detailed examination The resulting photograph- 
portions of which are reproduced m strips 2 and 16—showed the speotrunx 
under the disruptive spark conditions. As compared with the lin es near 4649 
as they appear in the normal oxygen spectrum (strip 18), it will be seen that 
there is a considerable modification in the appearance of the in the 
alcohol spectrum (strip 16), an extra line having appeared on the more 
refrangible side of the oxygen line 4649*3, and the oxygen line on the lees 
refrangible side, 46508, being considerably strengthened, probably by the 
superposition of another strange line. 

These strange lines will be referred to in detail in a later part of the paper* 
and their relation to c Orionia lines discussed. 

An examination of the alcohol photograph in the region near X4IOO 
showed at once an outstanding pair of lines at \ 4097*4, 4108*5, which,- 
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when dirdbtly compared with the pole lines of the chromium spark photo* 
graph, was found to agree exactly with the middle pair, the origin of whioh 
was under investigation. The alcohol spectrum contained, in addition to 
oxygen, hydrogen, and carbon lines, the strange lines referred to, and the 
ordinary lines of nitrogen These latter may have been introduced by 
a slight leakage of air into the tube A comparison of the alcohol photograph 
with various photographs of oxygen, carbon oxides, and hydrogen spectra, 
failed to show on the latter any lineB corresponding to the pair under 
investigation It was found, however, that a pair of lines corresponding 
exactly in position with the strange double existed in the ordinary spark 
spectrum of nitrogen, the components being of the same relative intensity, 
but the double in the nitrogen being quite insignificant in intrinsic intensity 
as compared with its appearance m the alcohol tube. This, then, tended to 
show that the lines were due to nitrogen, bnt under certain conditions of 
current were abnormally strengthened, relatively to other nitrogen lines 
Photographs were then taken of the spectra given by a nitrogen vacuum 
tube (Gallenkarap)— 

(1) Using the large jar and large air-break 

(2) „ small „ small „ 

These spectra are respectively shown m strips 3,5. Under the low-tension 
condition, although the strong nitrogen line 3995 of the ordinary spark 
spectrum is shown as a strong line, the double 4097—4103 is lacking 
Under the high-tension condition, however, the latter double is very con¬ 
spicuous, the strongei of the pair being now quite as strong as, if not stronger 
than, the nitrogen line 3995 The nitrogen tube spectrum of strip 3 shows 
the stronger oxygen lines (Note the triplet 4070—4076 ) Stop 4, however, 
shows the nitrogen vacuum tube spectrum without any trace of oxygen, but 
still showing the abnormal double 4097 4—4103 5 
The following table shows the intensities of the ordinary strong nitrogen 
line 8995'!, and the abnormal lines 40974—41035 as they ocour in the 
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normal spark spectrum of nitrogen, and as a comparison the relative 
intensities are given of the same lines in the Kensington vacuum tube 
photographs referred to and reproduced in the plate. 

During the search for the origins of the pair of lines 4097—4103 the 
spectrum given by an amidogene vacuum tube was* photographed This was 
found to contain four lines which correspond exactly in position with the 
four "pole” hues of the chromium spark A portion of this amidogene 
spectrum is reproduced in strip 12 Reference to this and strips 10 
(chromium), 11 (e Ononis), and 13 (nitrogen high tension Bpark), will show 
that the three lines 4089,4097, and 4116 of the amidogene and chromium 
spectra are identical with three very prominent lmes of e Ononis, the fourth 
line 4103 being probably masked in the star by the adjacent strong H8 line 
The middle pair of the amidogene (stnp 12) and chromium (stnp 10) 
quartette is also seen to be identical with the strongly developed pair of 
the nitrogen speotrum of stnp 13 The presenoe of the two eiluuum 
lines 40891 and 4116 4 iu the amidogene spectrum is probably accounted 
for by the presence of small detached particles of glass in the bore of the 
oapillary of the vacnum tube, which was an old one 

Reference to Nitrogen Lines tn Stellar Spectra 

Shortly after the discovery by Mr Frank McClean in 1897 of oxygen 
lmes in Borne of the helium stars, the identity of other lines m similar types 
of spectra with the stronger spark lines of nitiogen was established by 
a companson of the Kensington laboratory and stellar photographs, and 
these identifications were incorporated m the tabular matter in a Catalogue 
of 470 of the Brighter Stars.* 

In a paper " On the Presence of Oxygen in the Atmospheres of certain 
Fixed Stars,"t Mr David Gill, after saying (p 205). “ there remains not the 
slightest doubt that all the stronger oxygen lines are present in the speotrum 
of 0 Crums, at least between X4250 and X4575,” goes on to say "It is 
almost equally certain that there is no trace of true nitrogen lines in this 
spectrum ” In tins he was probably referring to the limited region of the 
spectrum which he investigated. That the strong nitrogen luieB 3995*1, 
46307 occur in the /9 Orucis speotrum there can be no question, as a 
reference to Mr McClean's tabular list of lines} and his reproductions will 
clearly show 

Another line reoorded by McClean m ff Crums at X4447 2 is doubtless 

* Published by the Solar Physios Committee (1908). 
t ‘Roy Soo. Proa,’ vol. 6B, p 80S, April, 1899 
} 1 Spectra of Southern Stan,' 1896 
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the counterpart of the strong nitrogen line at the same wave-length (Exner 
and Haschek's \ 4447 23, intensity 20). This line occurs in the region 
investigated by Qill, but he does not record it in his list of stellar lines. 

The wave-length of the line m e Ononis near 4097 as recorded m a 
previous publication* was 4097*3 The wave-length of the abnormal 
nitrogen line with which this has now been identified lias, from measures 
made on the Rowland grating photographs of the nitrogen spark, been found 
to be 4097 45 This is not far removed from the recorded wave-length of 
the stellar line, but the latter has, with others m the Bame region, been 
remeasured, and its position redetermined by use of Hartmann's formula. 

The fiducial lines used were 4026 34 (helium), 4143 92 (asterium), and 
438810 (asterium) The resulting stellar wave-lengths are given in the 
first column of the following table. The second column giveB the wave¬ 
lengths of the corresponding lines as reduced from the Rowland gratmg 
photographs of the laboratory spectra The last column gives the origins:— 


Stellar wave-length 
Reduced from photograph 
with one 0 inch Henry 
pnsm 

Laboratory ware length 
Reduced from Rowland 
gratmg photograph 

Origin. 

4076 19 1 

4076 08 ; 

Oxygen' 

4000 14 

4089 09 

Siheiiim (IV) 

4097 69 

4097 46 

Nitrogen (abnormal) 

4116 54 

4116 61 

SiLioiura (IV) 


Taking into account the fact that the stellar photograph is of compara¬ 
tively small dispersion there is very good accord in the wave-lengths. The 
differences between the two sets are within the limits of error in determining 
the stellar wave-lengths, and there seems no reason to doubt from this 
evidence that the identity of the stellar and laboratory lines given in the 
table is a real one 

The wave-length 4096*9 recorded in the Harvard publication! for the 
« Ononis line appears to be about half a tenth-metre too low Hartmann^ 
for what is undoubtedly the corresponding line in 8 Ononis, gives 4097 49, 
which is in very good accord with the redetemunation of the stellar wave¬ 
length (4097*59), and also with the wave-length of the nitrogen line identified 
with it (4097*45). 

* * Catalogue of 470 of the Brighter Stan,’ Solar PhyiSce Committee, 1001 

t "Spectra of Bright Stan,” ‘Annals. Harv. Coll. Obe** vol. 88, Part 1, Table IV 
p 08(1897). 

t ‘A*trophy«ioel Journal,’ voL 19, p, 878,1904. 
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In the paper by Mr. J. Lunt ,* in which he suggests that the stellar 
line 4099*9 cannot be ascribed to sikcium, he points out that it is a very 
important stellar line, and gives the following extract from Cannon and 
Pickering’s intensities — 


Wave-length 

Intensities. 

29 Canis majoru. 

r Cams majons 

«Ononis 

0 Centaun. 

y Ononis 


4089 2 

6 

■■MM 


6 

2 

4096 9 

18 



2 

1 

4101 *8 

25 



86 

40 

4116 2 

8 

6 


2 

0 


In a footnote, Lunt says " The first and last of these aie silicon lines 
Cannon and Pickering assign no origins” In a subsequent paper,f 
Miss Cannon ascribes the lines 4089 2 and 4096 9 to argon These identifi¬ 
cations will be discussed in a later part of the present paper 
From the preceding table it will be seen that in the star 29 Canis Majons 
hue 4096 9 is tremendously strengthened relatively to the sihcium lines 
40892 and 4116*2 In e Ononis, although it is a well-marked line, it is 
considerably inferior in intensity to the two lineB just mentioned 
With reference to the origin of the stellar line 4096*9 (Hartmann’s 
X 4097 49), Lunt,} aftor saying “ Some other origin than ailicium must 
be sought for this line,” goes on to say “ There are both oxygen and nitrogen 
lines very dose to this place, but neither of these elements accounts for 
the strong stellar line ” That the nitrogen line he refers to is a line of 
abnormal behaviour was not, of course, then known to him, nor to us, and 
he probably baaed his opinion as to its non-identity with the stellar line on 
its insignificant intensity m the ordinary nitrogen spectrum. 

It will be instructive to compare the intensities of the strongest spark 
lines of nitrogen, as they occur in various types of stellar spectra, with the 
intensity of the abnormal nitrogen line 4097*4 in the same types. The 
following table gives these comparative intensities in the Bi galum, Crucian, 
and Almtamian groups of the Kensington classification. 

The type-stars of these groups are respectively Bigel, PeUatrir, and 
« Oriotus. It may be said here that no nitrogen lines, either of the normal 
or abnormal kind, occur in any of the groups representing a lower stage of 

* ' Boy. Soc. Proo,’ A, vol. 76, p. 128, February, IMS 
t 1 Annals Hair Coll. Obs.,’ voL 66, part 4, pp 66,67 
} ‘Boy. Soe. Proo,,' A,* vol. 76, p 124,1906 
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temperature than the Rigelian. As the Kensington photographs of stellar 
spectra include nothing of a higher level than the Alnitamian group, it is 
impossible to say how the lines of nitrogen behave m the higher groups 



Nitrogen linn. 

Stellar group 

8996*1 

(Normal »trong spark lino ) 

4097 4 

(Abnormal line ) 


Intensity, max. 10 

Intensity, max 10 

Alnitamian (i Ononis) 

Cruoi&n (7 Ononis) 

1 

4 

4 

1 

Rigelian (0 Ononis) 

2 



This table shows that the ordinary spark lines of nitrogen (as represented 
by the strongest line of that class) come m as weak lines in the Rigelian 
stars, intensify and obtain their maximum intensity at the Crucian stage, 
and weaken again at the higher Alnitamian stage On the other hand, 
the abnormal nitrogen line 4097 4 is lacking in the Rigelian, occurs as quite 
a weak line in the Crucian, and has considerably developed at the 
Alnitamian stage As shown in a previous table abstracted from Cannon 
and Pickering’s publication, this line becomes more intense Btill m other 
stars, having an intensity 6 in t Canis Majoris, and an intensity of 18 in 
29 Cams Majoris In the latter star it closely approaches the intensity 
of H$(25) 

Reference to Argon Lines. 

In a recent publication on the 'Classification of Stars by their Photo* 
graphic Spectra/* Miss Cannon gives a brief description of each class of 
speotrum. Under Classes Oe, B, and Bl, of which the type-stars are 
respectively 29 Canis Maoris, « Ononis, and 0 Cants Majoris, lines 4089*2 
and 4096*9 are referred to as being due to argon. Abundant evidence has 
been given m previous Kensington pubhcationst that the former line is due 
to silioium (Group IV), and this has been confirmed by Lent at the Cape 
Observatory. The second line is undoubtedly identical with the «Orionis 
line which has now been traced to the abnormal nitrogen line 4097*4. 

No evidence is given in the Harvard publication on which the identity 
of these stellar lines with argon lines has been based, end it is difficult to 

* ‘ Annals Harr. Coll Oba/ vol. 63, No. 4. 

t 'Ray. Soe. Proa,' vol 07, pp. 403—409, October, 1900; voL 74, pp S96—393, 
October, 1904, 
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understand how they have come to be recorded as argon Beferenoe to 
Eder and Yalenta’s publication* on the argon spectrum shows that there axe 
lines at XX 4089 04,4097 27. The respective intensities of these, however, 
are only 1 and 2 where the maximum is 10 As there are, between 3900 
and 4700,114 lines of argon, varying in intensity from 1 to 10, the evidence 
for the stellar lines being argon is almost negligible unless it can be shown 
that the stronger argon lines also occur in the stellar spectrum, or, as an 
alternative, that this pair of weak argon lines has some special behaviour 
relatively to other argon lines when the laboratory conditions are varied 
To put this alternative to the test, the argon spectrum was photographed 
under the high-tension spark conditions which produced the abnormal 
nitrogen lines previously referred to, but there was no evidence of any 
relative strengthening of the weak argon lines m question 

Comparison has also been made of the wave-lengths of the strongest lines 
of argon with those of tho e Ononis lines and there appears to be no 
connection whatever between the two sets 

Line 4879 8 

After the stellar line 4097 had been identified with a nitrogen line of 
abnormal behaviour, the nitrogen spectrum was examined to see if there was 
an anomalous line which could account fur a fairly well-marked and sharp 
line m e Ononis whose wave-length had, from recent measures, been 
estimated as 4379'8, and whose ongm was unknown In the ordinary spark 
spectrum of nitrogen there is a line of insignificant intensity agreeing in 
position with the stellar line Exner and Haschek’s wave-length for this 
line is 4379*75 Its intensity is 1 as compared with 50 for the strong spark 
line at 39951, and 20 for the strong spark line at 4447 2 
On turning to the spectrum given by the Gallenkamp vacuum tube of 
nitrogen when the high-tension spark is used, this line was seen to be 
enormously developed relatively to other nitrogen lines Thu u shown in 
strip 7, where the line m question is quite as strong as 4447 2, whereas in 
strip 9 although the 4447 2 line is very strong, 4379 8 u lacking. 

In another spectrum of the Gallenkamp tube, not reproduced on account 
of the broad nature of the lines, the line 4379*8 is, without exception, the 
strongest line in the whole spectrum. 

In the light of the existence of the other abnormal nitrogen line 4097*4 in 
the stellar spectrum, then, there is little doubt that thu abnormal line4879 8 
is identical with the stellar line at the same wave-length. 


* ' Bcitrag* mr Photo chsmie und Spsctralanalyw,' p 247, Wien, 1204. 
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• Lmes 4647 6—4650*8. 

When a strange double in this region was found in the alcohol spectrum 
(strip 16) which showed the abnormal nitrogen lines previously discussed, no- 
doubt was felt as to its identity with the well-marked unknown double m 
c Orioms (see strip 14) 

Pickering, although he only records the stellar line as single, gives its- 
wave-length as 4649 2, which is very near the wave-length of the oxygen 
line (4649 27), which falls about midway between the components of the 
strange double in Kensington laboratory spectra, giving the appearance of an 
equal-spaced triplet (see strips 16 and 17) 

To establish the identity more thoroughly, the wave-lengths of the lrneB 
were determined both from the laboratory and Btellar photographs The 
resulting values are as compared below — 

Stellar wave-lengtha. Laboratory wave-lengths 

4647 6 4647 53 

4650 8 465092 

Taking into consideration the comparatively small dispersion of the 
stellar spectrum, their wave-lengths are in as good accord as could be 
expected 

Reference to strips 14 and 16 will show that, although the stellar 
spectrum is enlarged 12 tunes, the double given by the alcohol vacuum tube 
and the stellar double are identical in position The two oxygen lines 4591 
and 4596 are also seen to be in agreement with two weak stellar lines 

Although the identity of the stellar and laboratory doubles had been 
practically established both by measurement and direct comparison, there 
was no certainty as to their exact origin As the alcohol spectrum in which 
the lmes were first noted showed lines of oxygen, carbon, hydrogen, and 
nitrogen (the latter as impurity lines), it seemed reasonable to assume that 
the lrneB in question belonged to one of these elements. 

With the object of tracing the lines to a definite origin, the spectra of 
various vacuum tubes were then investigated both visually and photo¬ 
graphically, the same spark conditions being used as in the case of the 
alcohol tube which gave the lines The coil used was one which gives an 
8-inch spark, and a large jar and large air-break were introduced 

The vacuum tubes investigated were those respectively containing 
nitrogen, amidogene, oxygen, sulphur-dioxide, coal gas, and oar bon bisulphide. 
The only three of these to reveal the hnee were 80a CS* and CS*. The 
fact that neither the oxygen nor nitrogen tubes gave the lines seems to 
preclude the possibility of their being due to either of these elements. The 
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80s and CS 9 speotra, in which the double occurs, show no hydrogen lines, so 
hydrogen could be discarded as furnishing no clue. Sulphur clearly could 
not be the origin, as there is no trace of the lines of that element in either 
the alcohol or coal-gas spectra which give the strange double 

This process of elimination left only carbon to be considered. That 
clement could aooount for the presence of the lines in the alcohol, C 8 *, and 
CH* spectra, but not in that of SO3 if the sulphur dioxide was pure and 
free from carbon To test the latter point the strong characteristic line of 
carbon at 4267*3 was looked for in the SO, spectrum, and it was at once 
seen that it not only occurred there, but was one of the strongest lines in 
the whole spectrum 

The fact was thus established that m every case where the Btrange double 
appeared, the spectrum also contained the strong carbon line 4267 3, and the 
collective evidence pointed to carbon or some modification of carbon as being 
the true source of the lines. 

It was then determined to investigate the spectra given by the spark 
between carbon poles in various gases at atmospheno pressure, using 
exactly similar electrical conditions—with regard to coil, jar capacity, and sue 
of air break—as for the vacuum tube experiments The first gas tried 
m this way was oxygen, and although visual observations failed to show the 
lines with certainty, the photographic record showed that the more 
refrangible component was present but weak; the less refrangible component, 
falling on the fairly strong lme of oxygen at 4650*8, cannot be separately 
distinguished 

The spectrum of the carbon spark m nitrogen and ammonia was then 
tried, but as the visual observations gave no indication of the lines under 
'discussion, no photographs were taken. 

The spark in hydrogen was then examined, and it was at once evident 
that this condition gave the double quite strong and isolated. A photograph 
of the spectrum was obtained, and the region 4550—4670 of tins is 
reproduced in strip 15, where it will be seen that the double stands alone, 
there being no oxygen lines mixed up with it, as in the alcohol and SQi 
spectra of strips 16 and 17. The original photograph of the carbon spark 
spectrum in hydrogen shows, in addition to the double 4647*6, 4650*8, the 
strong carbon line 4267 3, the hydrogen lines, and a faint trace of the strongest 
nitrogen line 4630*7. The last named is shown m the Plate; the others are 
outside the region of spectrum reproduced. 

As farther evidence of the identity* of the stellar and laboratory lines, 
it may be pointed out that the nature of the double, as seen isolated in 
strip 15 (carbon spark m hydrogen), is the same as in the spectrum 
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(in the latter case this point u not so well shown in the reproduction as m 
the original negative), the more refrangible line 4647*6 being sharp on each 
edge, while the other oomponent, 4650*8, is sharp on its more refrangible 
edge, but diffuse towards the red 

The fact that the double occurs strongly w the spectrum of carbon poles in 
hydrogen, only weakly m that of the same poles m oxygen, and apparently* 
not at all when nitrogen is the gas used, would tend to show that, if really 
due to carbon, the presence of hydrogen, although not absolutely necessary, 
is conducive to the production of the lines It must be borne m mind, 
however, that the 80s vacuum tube gave the lines quite strongly without any 
trace of hydrogen being present. It may be that, although m the presence 
of oxygen only along with the carbon the lines are not well developed, the 
presence of sulphur as an additional element has the same effect on the 
development of the lines as that of hydrogen. 

The bulk of the evidence is certainly m favour of the strange double being 
due to carbon or some modification of that element, the lines only coming out 
strongly under particular conditions of current Even at this stage of the 
inquiry, however, the evidence is not absolutely conclusive, and a carbon 
ongm must be accepted as only provisional Further research will probably 
settle the origin more definitely 

It may be said here that, so far os we are aware, this important double 
line has not previously been recorded in laboratory spectra, either of carbon 
or any other element The reason for this is probably that, in contra¬ 
distinction to the carbon line 4267 3, which oocurs under a comparatively 
great range of spark conditions, the new double is of a more fleeting nature, 
and has probably hitherto eluded the attention of spectroscopiats. 

Reference to Rnght-hne-star Spectra, 

In a paper on “ The Wolf-Kayet Stars,”* Prof. Campbell gives a comparison 
of the lines in “ Bnght-line Stars ” with those of other types, amongst the 
latter being Orion stars (dark lines) In this he suggests that the strong line 
4652 jn stars of the Wolf-Rayet type is identical with the line 4652 of the 
Orion stars. The line he refers to in the latter case is undoubtedly the 
strong oonspiouous^ilne of « Ononis, which has been found to be a double 
line in the Kensington spectra (4647*5—4650*9), and which has been shown 
to be, in all probability, due to carbon, the laboratory lines occurring 
prominently only under particular conditions of current. 

The position of the middle of tins double is, from recent Kensington 
measures of the beet« Ononis spectrum, 4649*2, this being also the wave* 
* ' Ast and Ast Fhya,* vol 18, p. 478,1804. 
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length of the single line recorded by Pickering If tins be really i d entical 
with the Wolf-Bayet line, it would appear that Campbell’s wave-length for 
the latter is somewhat high, but the difference is possibly within the limits 
of error in determining the wave-lengths of such bread, crude lines es those 
in Wolf-Bayet stars. The line 4652, for tnstanoe, is, in y Argus, of such a 
width as to cover about 30 tenth-metres 

Possibly the apparent agreement in position of the Wolf-Bayet line and 
the strong, dark double of e Ononis, is only a fortuitous one, but as these 
spectra contain other lines ip common, such as the stronger helium lines, 
and proto-hydrogen lines (4686, 4542, 4200), it is suggestive of a real 
identity 

It seems necessary to obtain, if that be possible, more accurate wave¬ 
lengths of the lines in Wolf-Bayet stars before this point as to the identity 
of the two lines can be definitely settled 

Further research will be made with the object of possibly tracing other 
conspicuous Wolf-Bayet lines to abnormal lines of known gases 

[Note added Jme, 1909—Shortly after the above paper was sent m, and 
"before th<B reading, further experiments were made, giving conclusive evidence 
that the double line at 4647 6, 4650 8, could be ascribed to carbon. Three 
spectra were photographed on the same plate, the spark conditions being 
identical m every case, (1) carbon spark in hydrogen, (2) platinum spark in 
coal-gas, (3) platinum spark in hydrogen. While the platinum spark in 
hydrogen shows no trace whatever of the double, the platinum in coal-gas 
gives it, quite conspicuous and identioal in position and nature with the 
double produced with carbon in hydrogen] 
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On Pressure Perpendicular to the Shear Planes mi Finite Pure 
Shears, and on the Lengthening of Loaded Wires when 
Twisted. 

ByJ H roYNTiNG, So D., F R.S 
(Received May 20,—Read June 24,1909) 

In the * Philosophical Magazine,’ vol 9, 1905, p 397,1 gave an analysis 
of the stresses in a pore shear which appeared to show that if < is the angle 
of shear and if n is the rigidity, then a pressure »«* exists perpendicular to 
the planes of sheai. That analysis is, I believe, faulty in that the diagonals 
of the rhombus into which a square is sheared are not the lines of greatest 
elongation and contraction, and are not at right angles after the shear, when 
second order quantities are taken into account, i e , quantities of the order 
of s 8 , I think the following analysis is more correct, and though it does not 
give a definite result, it leaves the existence of a longitudinal pressure an 
open question The question appean to be answered in the affirmative by 
some experiments, described in the second part of the paper, in whioh loaded 
wires were found to lengthen when twisted by a small amount proportional 
to the square of the twist 

I —Stresses in a Pure Shear 

Let a square ABCD (fig 1) of side a be sheared into EFCD by motion 
through AE = d, the volume being constant The angle of shear is 
ADE ss c, and tan e = dja exactly, neglecting «*, we may put e as d/a » 

To find which line is stretched most by the shew, consider the line r 
drawn from D to P and making 0 with DC before stretching 

Let it stretch to p, making O' with DC; we have r = a/s in 6 and 
p be a/an O' , 

also p s aBr s +2nfcosd+d s , 

thus p*/r* ax 1+2 d/r . cos d+d*/r*, 

" l + 2d/a.sindcosd+<P/a*.sm*d 

Differentiating p*/r* with respect to 0, it is a maximum when 
2 d/a cos 2 0+cP/a,*. sin 2 0 m 0, 
or tan2d m — 2«/d m —Soots. 

Put 0 m 46°+8, then tan2£*aa }tan«, 
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or B m £ e *to the second order, so that r makes £ e with the diagonal DB of 
the square through D, and on the upper Bide. 

If the same shear is now made in the opposite direction p contracts to r, 
and the same directions of p before, and r after shear, give the maximum 
contraction It is almost obvious that p makes \ e with DB on the lower 
side, but it may be verified by putting 

r 3 =ss p a — 2rfpcos 8 f +d*, 

and finding the maximum value of r*fp 2 after putting p = a fain 8' on the 
right 

Hence the lines of maximum elongation and contraction are at £ e with 
the diagonals of the square, and are at right angles before and after the strain, 
to the order of 6 s It is noteworthy that as the shear increases the fibres 
which undergo maximum elongation and contraction change. 

To find r and p put r «■ afsxn 8 = a/sin (45°+£ e), 

then r =a \/2a( 1 —; 

and changing the sign of e we get 

p = y/2 a (1 +1 s 

It is easily seen that the elongation and contraction are respectively 
c = (p—r)/r s A e(l + J e), c = (r-p)/p = |e(l—ie) 

We shall now consider the stresses We shall assume that a pressure P 
is put ou m the direction of maximum contraction and a tension Q m the 
direotion of maximum elongation, these being, as we have seen, at nght 
angles, and we shall consider the equilibrium of the wedge ABC (fig 2) when 





Fig 1. Fro. 1 

sheared, that P and Q are the only forces on AC and BC Let 

AB ** 2a; AC = p , BC ** r, these having the values jurt found 

vox*. IXXXll —a. 2 o 
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Resolve perpendicular to the base and let R be the pressure against tbe 
base, then 

R 2 a = Pp cos (45°—1 e)-Q r oos(46°+ \ e) 

Pocot(45°—$e)—Qacot(45°+ie) 

= Pal-'ti- e -QaJ^ 

l~*e l + *e 

= Pa (We+i«*)-Q*(W «+*«*) 

= (P-Q)a+(P+Q) *ae+(P-Q) W, 

’where P and Q can only be taken as equal to the first order Proceeding to 
the second order, we must put 

P = ne+pt?, 


then Q = ne—pe 3 , 

where p is a constant to the second order 
Thus P—Q =* 2p<? and P+Q = 2«e, 

and R = (|»+.p)e*, 

the third teirn being negligible If we resolve parallel to the base, it is 
easily found that the tangential stress is 

T = i(P+Q)-»*- 


If the shear is produced by a tangential stress T, then it requires the 
system P, Q, and R to maintain equilibrium with it. 

It is possible that a stress exists perpendicular to the plane of the figure 
m fig 1 It can only be assumed that the changes of dimension in that 
direction neutralise each other to the first order when equal pushes and 
pulls aie put on m the plane of the figure, when the dimensions 
perpendicular to the figure are constrained to remain the same to the second 
order—and this is our supposition—it may require a tension or pressure to 
eftect this 

Let us suppose that a pleasure S = qe* is introduced, a tension if q is 
negative To make R 0 we should require to have p =—$«., also P would 
then be less than Q If pressure perpendicular to AC u exerted alone, and 
then tension perpendioular to BC is exerted alone, it appears probable that 
for very large equal compicssions and extensions P is greater than Q If 
we suppose that when they are simultaneous the tendency is in the same 
direction, then R should have a positive value, or the longitudinal pressure 
perpendicular to AB should exist 

Let us examine the consequences of the supposition that both R and 8 
exist. Let a thin tube of length l and of radius a be fixed at one end, and let 
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the other* end be twisted through 9 bo that the angle of shear is e = aO/l 
Let an end pressure B = (|w+p)e* be pat on, and also a side pressure 
S s= so as to maintain constant dimensions 
The side pressure S may be replaced by a uniform pressure S over the 
whole surface, and a tension S over the ends We have then an end pressure 
B—S and a pressure S all over 

Now suppose that these forces are removed. Through the removal of 
E—S we shall have a lengthening cU\ given by 

(£ n+p—q) e 3 = Y dhfl, 
and a contraction Si of the diameter given by 

Si/2 a = <rdh/l, 

where Y is Young's modulus and <r is Poisson's ratio 
Through the removal of the pressure S we shall have a lengthening dl t 
given by qf as 8 K dl%/l, where K is the bulk modulus, and an expansion S» 
of the diameter given by qe* = 3K&/2 a 
Hie end lengthening is therefore 

dl = dh+dh = {(£ n+p-q)/Y+g/3K} &», 
or putting 1/3K — 3/Y—1/», 

it is {(* «+i>)/Y+(2/Y-l/») 2 } IP - dP = m*9*/l, 

where s is put for ($ n+p)/Y +(2/Y—1 /n)q 

The diameter decreases by 

S = Sx—S a = {(J n+p-q)<rfY-q/3 K} 2«e», 

= {(i « +P-?) <r/Y-[(3+<r) Y-l/n] q) 2 a*0»/P 

It would not be easy to test this result with a thin tube But if we 
suppose that a wire extends by the amount equal to the average extension 
of the tubes into which it may be resolved, we get 

I now proceed to describe some experiments which show that such an 
extension exists. 

II. —The Lengthening of Loaded Wires when twisted 
Experiments were made on several wires hung vertically from a fixed 
support, and loaded in order that kinks or remnants of the spiral due to the 
odhng to which they had been subjected might be taken out This was 
considered to be effected when the stretch for a given addition ot load was 

2 o 2 
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sensibly the same whether the wire was twisted or nob An account of the 
twisting of a steel wire before this stage was reached will be given later. 
Fig 3 represents the arrangement more or less diagrammatioally. The upper 

end of the wire to be twisted was fixed to a 
stout bracket B near the ceiling. The wire 
was always about 231 cm. long, its lower end 
was clomped m jaws m the upper end of a 
turned steel rod rr, 51 cm long, which passed 
through a hole m the table T on which was 
the observing microscope M, and a parallel 
plate micrometer m One division of this 
micrometer wsb equal to 0*00974 mm. At 
the lower end of the rod was a horizontal iron 
oross-pieoe ee, 19 cm. long and 16 cm. square. 
From the lower end was suspended a earner 
for the weights* or for the two stouter wires 
the weight itself, connected to the rod by a 
flat steel stnp twisted in its middle, so that 
the upper and lower halves were in two 
vertical planes at nght angles Below the 
weights was a set of vanes immersed in a 
shallow bath of oil to damp vibrations. This 
bath rested on a circular turntable tt, on 
which were two uprights uu at opposite ends 
of a diameter, with horizontal screws at their 
upper ends which could be brought to bear 
against the ends of the cross-piece as shown 
in the plan, fig. 4. The screws ended in small 
steel halls and the sides of the cross-piece were 
polished. On rotating the turntable the screws 
came against the cross-piece and turned it 
round, and so the wire was twisted by a couple 
with vertioal axis. She axis of the turntable 
was made vertical by means of the levelling 

*n»nt for Twisting the wires' screws U. To adjust this axis in the axis of 

the wire prolonged, the turntable could be 
moved over the base plate P by means of the horizontal screws t, of which 
only one is represented m fig. 3 All are shown in fig. A A bomontel 
microscope not represented in the figure was attached to one of the uprights 
and focussed on the edge of the rod rr. The adjustment by the screws « waa 
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continued \in til the mierosoope always saw the edge of the rod in the middle 
of die field, however the turntable might be turned. 

To give a definite point of view in the mierosoope M, in the earlier 
experiments starch grains were put on the wire about 
1 cm from the lower end These were illuminated, 
and a suitable one was selected. 

In the later experiments a needle, about 1 cm 
long, was fixed on the upper end of the rod, point 
upwards, close alongside the wire, and the needle 
point was viewed This was better than the starch 
grains. 

In the earlier work the temperature of the room *' 1 ° Uie ® ros ®‘ 

piece Turntable 

was fairly steady, and the changes m length due to 

temperature variations were too slow to give trouble. But in some gusty 
weather occurring later there were such rapid and considerable variations in 
the temperature of the room that it was necessary to enclose the wire in a 
wooden tube After this wa9 done temperature gave no further trouble, 
whatever the weather 

In order to observe the effect of a twist the turntable was levelled and 
adjusted axially when the wire and cross-piece were free The turntable was 
rotated till the sorews on the uprights just touched the cross-piece. Then 
chalk marks were made on the turntable and on the plate below, one just 
over the other The microscope was adjusted exactly to sight the upper or 
lower edge of a starch grain on its horizontal cross-wire, and the micrometer 
was read Then the turntable was rotated so many whole turns, and the 
micrometer plate was moved till the edge of the gram was again on the 
oross-wire and the micrometer was read again 

With the exception of a wire stretched only by the weight of the rod and 
cross-piece, in some experiments described later, there was always a 
lengthening on twisting, of the same order whether the twist was clockwise 
or counter clockwise The lengthening was nearly proportional to the 
square of the twist pnt on. It was neoessary to limit the twist to a few 
turns to avoid permanent set, and when such a small twist had been given 
and the wire was untwisted it returned sensibly to its original length 

The lowering was entirely due to twisting and not to any giving of the 
support, for when a microscope was sighted on a point on the wire close to 
the upper end, no change m level could be deteotsd, when the wire was 
twisted through 6 turns at its lower end. This was further verified by an 
experiment on a steel wire from the same piece as No. 3 below, which 
showed that the extension half-way down the wire was, within the limits of 
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experimental error, half that at the lower end, A microscope ahd micro¬ 
meter weie fixed on a table half-way up the wire and a needle point w«* 
fixed here aa well as at the lower end At each twiet and untwist both 
micrometers were read I give the observations in this experiment in full, 
as they will show the soit of accuracy attained 
The lower end was twisted from a starting twist of J turn to 4J turns 


Micrometer Readings at Lower End. 

i turn 

4£ turns 

Lowering 

22 3 

18 0 

, 3 7 

22 5 

10 0 

3 5 

23 0 

10 2 

3 8 

22 0 

19 4 

a 2 

22 0 

10 6 

I 8 3 

22 6 

10 5 

8 1 

23 0 

19 6 

8 6 

28 O 

18 0 

4 1 

22 7 

10*2 

8*5 

22 0 

10 e 

8 8 


Moan lowering, 3 SO divisions 

One division of micrometer m 0 00074 mm 

The lowering is 0 *0341 mm 


Micrometer Readings Half-way up the Wire 


i turn 

4k tuna 

Lowering 

80 4 

28*8 

2 1 

305 

28 4 

2 1 

80 2 

28 1 

2 1 

80 6 

28 6 

2*0 

30 5 

28*0 

i 2*5 

80 4 

28 7 

1*7 

31*0 

28 4 

2*6 

30 6 

28 5 

2*1 

81 8* 

20*0 

1 0 

81*6* 

20*0 

2 0 


* Another point on the needle sighted. 


Mean lowering, 2 IS divisions 

One division of micrometer — 0 *00751 mm 

The lowering is 0 *0102 mm 


if the lowering at the end is accurate, that half-way up should 
0 0171 nun. The observed lowering is ss nearly equal to this as eould 
expected. 

With the first wire, determinations of extension due to an addition of 
530 grammes were mads both in the untwisted and twisted condi t ions, as it 


r r 
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was only when these became sensibly equal that the lowering on twist 
became equal for different loads. The extra load could be put on or taken 
off by lowering or raising a lever, not represented in tig 3 It is unnecessary 
to describe the details of this arrangement The experiments with the other 
wires were made with such loads that it was not considered necessary to 
observe the stretch due to addition of load 


Jlendts. 


la Steel piano wire, diameter 0720 mm. (mean of 10 measurements 
at different points), length m tins and all cases to observing point 230 cm 
Permanent set after putting on eight turns twist and then untwisting only a 
very few degrees Total load, 7081 grammes 
The twist is termed clockwise when the turntable as viewed from above is 
moved clockwise 

Clockwise twist, 0—4 turns, lowering 00181 mm., mean of 10 observations. 


0—8 


0 0732 


The ratio of these is 4 04 1 


The extension due to an addition of 520 grammes was — 

No twist on the wire 0*143 nun., mean of 10 observations 
4 turns „ 0141 „ „ „ 

8 ,, », 0143 » » »» 

15 Same wire 

Total load, 9081 grammes 

Clockwise twist, 0—4 turns, lowering 0 0181 mm, mean of 20 observations 
„ » 9—8 „ „ 0 0749 „ „ ,, 

The ratio of these is 414 1 


The extension due to an addition of 520 grammes was 

No twist on the wire 0142 mm, mean of 10 observations 
8 turns „ 0144 „ „ „ 

Taking the mean lowering for the two loads of 7061 and 9081 for eight 
turns twist, vis, 0074 mm, and taking it as proportional to the square 
of the twiBt, the lowering for one turn is 0 00116 mm., and 

s = 2f<ff/a , 8 8 * 1043. 

The moduli of elasticity of this wire were found to be 
• n- 0769x 10“, Y» 2*013x 10“, 

Whence */Y —0*382. The value of «, found for loads of 1081 grammes and 
9081 grammes respectively, was identical 
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2 The same wire was raised to a red heat, by an electno current, with 
tiie load of 9081 grammes on it It lengthened about 8 cm., and this length 
was out off The surface oxidised, and when the oxide was rubbed off the 
diameter was 0 696 mm (mean of 10) 

The permanent set after twisting and untwisting was greater, and so only 
three turns were given 

Total load, 9081 grammes 

Clockwise twist, 0—3 turns, lowering 0*0129 mm, mean of five observations 

The extension due to an addition of 620 grammes was — 

No twist on the wire 0155 mm, mean of 10 observations 
3 turns „ 0154 „ „ „ 

The lowering for one turn according to the square law is 0 00143 mm, and 
* as 1376 mm 

The five values of the lowenng were • 15,12,12,12,15 divisions, mean 
132 divisions With such small lowering no acouracy could be expected, 
and it would be difficult to verify the square law 

The moduli of elasticity for the softened wire were — 

« = 0809x10“ and Y = 206x10“, 
whence n/Y =» 0393 

3 Steel piano wire, diameter 0 970 mm. (mean of 10) 

A needle point fixed at the side of the wire was viewed in the nucrosoopo. 
After twisting and untwisting, a slight permanent set threw the point out of 
focus it the Btart was from no twist A quarter turn was therefore put 
on initially, and the twisting was from this, and the untwisting was 
back to it 

Total load, 19,504 grammes 

Clockwise twist, £—2J turns, lowering 0 0087 mm, mean of 10 observations. 
11 11 1 ' 4{ „ „ 0*0339 nun 

Counter clockwise twist, i—2± turns, lowering 0 0089 mm, mean of 10 obs. 
» » ii $■—4i „ „ 0 0340 „ „ 

Mean lowering, i —2$, 0 0088 mm 
* ii ,i i—4J, 0 0840 H 

By the square law the lowenngB for 4}, 2$, and ± should be as 289 81*1, 
and the differences should be as 288 80 m 18:5. 

The observed differences are as 18 9 * 5. 

The lowering for one turn deduced from the difference between | and 4$ is 
0*00189 mm., and » *» 0*936. 
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Comparifig the lowerings for one turn of this wire with the hard wire 
No. 1, if the lowering is proportional to the square of the diameter, we ought 
to hare for No 1 a lowering of 0 00189 x (72/97)* «= 0 00104 mm The 
observed lowering was 0 00116 min, which is as near the calculated value as 
could be expected 

4 The same wire was then raised to a red heat by an eleotrio current with 
the load on After being rubbed down its diameter was 0 947 mm (mean of 
10 measurements). Same load as 3 

Clockwise twist, £—3$ turns, lowering 0 0207 mm, mean of 10 observations 

The deduced lowering for one turn is 0*00197 mm 

The value of * is 1017 mm. 

Comparing the lowermgs for one turn of this wire with the softened wire 
No 2, the square law for the diameter should give for No 2 a lowering 
0 00197 x (696/947)* =s 0 00106 mm The observed lowering waB 0 0143 mm, 
a considerable divergence 

5 Copper wire, diameter 0 655 mm (mean of 10) Load, 7081 grammes 
Clockwise twist, $— 2\ turns, lowering 0 0066 mm, mean of 10 observations 
Counter clockwise twist, £—2£ turns, lowering 0 0083 mm, mean of 10 obs 

It was not safe to give a greater twist owing to the largeness ot the 
permanent set With 2} turns the set was still small 

The larger value of the lowering for the counter clockwise twist is almost 
certainly real, and not merely error of observation Some other observations 
showed an even greater excess, though they were veiy irregular owing to 
temperature variations, and are not worth recording The extension due to 
an addition of 520 grammes was *— 

No twist on the wire 0 268 mm, mean of 20 observations. 

3 turns „ 0 269 „ » „ 

Taking the mean for clockwise and counter clockwise twist, the lowering 
for one turn is 0 0015 mm, and * «* 163 mm 

6. Brass wire, diameter 0 928 mm (mean of 10) Load 19,504 grammes 
Clockwise twist, i—2J turns; lowering 0 0169 mm., mean of 10 observations 

h ii i.ii » 9 0540 h » » 

Counter clockwise twist, l —2£ turns, lowering 0 0135 mm.,mean of 10 obs 
» H n i ii w 0*0479 „ » 

The difference between clockwise and counter clockwise twisting is too large 
for errors of observation. 

For the square law the lowerings for $—4J, and for J—2| should be in the 
ratio 18 ; 5. They are m the ratios 16 s 5 for clockwise, and 17 7 5 for 
oounter clockwise twisting. The lowering for one turn clockwise, as deduced 



556 


Dr. Poynting. Pressure Perpendicular to the [May 20, 

from J—4|, in 0*0030 mm, and for one tram counter cl&kwiae is 
00026 mm. 

The mean value of a =s 1537 min 


£jcpermentit mth Smullei Loads 

When the piano wire diameter 0 72 mm was loaded only with the rod and 
cross bar weighing 1081 grammes, there was a me on twisting 
Clockwise twist, 0—4 turns, rise 0 041 mm 


0-8 

It 

0139 

Counter clockwise twist, 0—4 

it 

0023 

.. 0-8 


0-108 


The extension for an addition of 520 grammes was — 


No twist on wire 

0137 nun, mean 

of 6 observations. 

4 turns clockwise 

0170 „ 

6 

» 

8 n » 

0237 „ 

3 

» 

4 turns counter clockwise 0156 „ », 

6 

» 

8 

0 238 „ 

3 

» 


If by means of the observed extensions we calculate the positions of the 
point viewed, when the load of 1081 grammes is taken off we find that the 
total nse would be for clockwise twist for four turns 0110 mm, and for eight 
turns, 0 347 mm 

The rise appears to be due to coiling up of the wire on twisting, through 
some remnant of the spiral condition m which it existed before suspension. 
This is confirmed by the very large increase in extension, due to addition of 
load as the twrnt on the wire is increased It may be a coincidence that the 
nse on twisting and the increase of stretch are both nearly proportional to 
the square of the number of turns 

Expanmenta were then made with greater loads to find how the lowering 
and extension changed Only clookwise twist was observed. 

Load 3081 grammes, the nse changed to lowering 

Twist, 0—4 turns; lowering 0 0131 mm., mean of 20 observations. 

,, 0—8 „ „ 0-0438 » „ •» 

The extension due to an addition of 520 grammes was -— 

No twist on the wire 0*144 mm, mean of 10 observations 
4 turns „ 0143 „ ,, » 


8 „ „ 0149 „ & » 

Showing a still Blight excess of extension m the most twisted condition. 
Load 5081 grammes. 

Twist, 0—4 turns, lowering 0-0164 mm., mean of 20 observations. 
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The extension due to an addition of 520 grammes was *— 

No twist on the wire 0141 mm, mean of 10 observations 
4 turns „ 0142 „ „ 15 „ 

8 „ „ 0144 „ „ 15 „ 

The results for loads of 7081 and 9081 grammes are already recorded 
under la and 15 There is obviously a tendency for the lowering to increase 
with load until the extensions under different twists become more nearly 
equal with equal added load 

When the same wire was softened and loaded with 3081 grammes the 
lowering for three turns was 0 0093 inm (mean of 10 observations) 

The extension due to an addition of 520 grammes was — 

No twist on the wire 0149 mm, mean of 10 observations. 

3 turns „ 0147 „ „ ,, 

With load 9081 the same wire gave the results recorded under 2, which 
show a greater lowering for an equal twist but the same extension with added 
load. 

The copper wire diameter 0 655 mm. (No 5 above) with load 
4081 grammes gave •— 

Clockwise twist, 0—3 turns, 0 00965 mm, mean of 10 observations 

Counter clockwise twist, 0—3 turns, 0 0156 mm, mean of 10 observations 

Taking the mean of these, the lowering for one turn is 00014 mm 

The extension due to an addition of 520 grammes was — 

No twist on the wire 0 268 mm., mean of 5 observations, 

3 turns „ 0-270 „ „ „ 

extensions agreeing very nearly with those recorded above for a load of 
6081 grammes on the same wire 

Remarks on the Remits of Measurements. 

The lowering was never so muoh as 01 mm. and was usually much less 
The accuracy attained could hardly be expected to be great The measure¬ 
ments, however, appear to show that when a wire is sufficiently loaded to be 
straightened, it is lengthened by twisting by an amount proportional to the 
square of the twist and with a given number of turns inversely as the 
length 

It might be thought possible that the effect observed was due to rise of 
temperature, either through adiabatic strain or through dissipation of strain 
energy ae heat. But the observations give no support to this explanation 
When the wire was extended by twisting, it remained extended, and when 
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untwisted it returned Temperature effects would be a maxunum'the instant 
alter twisting, and would then gradually subside. It may be noted that 
the adiabatic change of temperature is proportional to but it is a 

cooling, and its amount is such as to shorten the wire, jn the case of steel, by 
something of the order of 1/100 of the observed extension. If we suppose 
that some definite fiaction of the strain energy put m is dissipated, again the 
change, now a warming, is proportional to a?8 a /l The whole strain energy 
in the case of steel, would only raise the temperature by an amount account¬ 
ing for something of the order of 1/10 the observed extension, and, in fact, 
only an exceedingly minute fraction of the strain energy ib dissipated. 

A comparison of the wires (1) and (3) appears to show that the 
lengthening for a given twist is proportional to the square of the radius 

If we put the lengthening 

dl = mHP/21, 

s tor steel is m the neighbourhood of 1 For copper and brass sum the 
neighbourhood of 15 The lowering for the copper and brass wires tested for 
twists in opposite directions is not the same 

With a hard steel wire with small load the end of the wire rues on 
twisting, probably through coiling 

The value of s = (£ n+p)/Y—(2/Y — l/n)q appears to be measurable, but 
its value gives us no clue to the values of p and q. 

If we could assume q = 0, then for steel we should have p about 2it, but 
I see no justification for the assumption. 

If we could measure the decrease m diameter, we should obtain the value 
of (J»+p— 2 )«r/Y—{(3+<r)/Y—1/m}}, and knowing », Y, and o we should 
be able to find p and q But a thin wire is quite unsuitable for this 
measurement The decrease is probably of the order of 2 ajl x lengthening. 
With the wires I have used this is of the order 1/1000 x lengthening, and an 
aoeuraoy of measurement of 10“® mm would be required at least With 
a shaft of considerable diameter it might be possible to measure the 
quantity, though the experimental difficulties are obviously very great 

The Effect of the Lengthening of a Wire on its Torsional Vibration, 

If a wire is loaded with mass M having moment of inertia I, when M is 
set vibrating torsionally it falls and rises as it swings, its distance below the 
highest point being given by 

The kinetic energy is T = J 10*+} Ma5*. 

The last term is easily found to be neg li gible. 
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The potential energy is 

Y * \nira*ePjl-Mgx * {nna^jl-^Mgm^// 
The equation of motion is 


Whence 


10+(hnwa*/f—Mffta a /l)ff = 0. 
p _ 8ir»K 


nira\ 1—2 Mgsa 3 / nira*) ’ 
and T is greater than it would be it « were 0 by the factor 

1 + YLgsjntra 3 

If Y is Young’s modulus and if e is the elongation of the wire due to the 
load M< 7 , 

Mg/va 3 = Ye, 


so that the factor may be conveniently written as 1+seY/n 

If the vibrations are used to determine the modulus of rigidity », then the 
value of n will be greater than that deduoed by neglect of s, and by the 
factor 1+2 ae Y/n. 

To give an idea of the effect on the determination of the modulus of 
rigidity, let us suppose that a quite straight steel wire, diameter 0 7 mm., has 
a load of 2000 grammes For steel Y/n is about 26. For the given 
diameter e is about 2 x 10~ 4 We have found that s is about 1 The correct¬ 
ing factor is then about 1001, or the true rigidity exceeds the value calculated 
m the ordinary way by about 1 in 1000 If the wire is not sufficiently 
loaded to be straight the value of a is less If very lightly loaded the sign 
of 9 may be changed and the true rigidity may be Iobb than the value as 
ordinarily calculated The correction is hardly needful in practice, as the 
modulus of ngidity is probably not measurable to three figures. 


Dutortuoml Waics 

In purely distortional waves in a medium of great extent it is evident 
that the pressure S perpendicular to the axes of shear, if it exists, will not 
produce any motion. To keep the wave* purely distortional, with 
motion perpendicular to the direction of propagation only, a force must be 
applied from outside dR/dx per cubic centimetre m the direction of 
propagation. If this foroe is not applied then longitudinal motion must 
result, obviously of the second order, unless £ n+p = 0 This is probably 
the condition for an incompressible medium. If ^n+p is not zero it 
appears possible that dispersion may exist. If the longitudinal motion is 
neglected the pressure in the direction of propagation is n+p) «* and all 
that we can say, at present, is that it is probably of the order of ns* 



560 


The Wave Motion of a Revolving Shaft) and a Suggestion as to 
the Angular Momentum m a Beam of Circularly Polarised 
Light 

By J H Pointing, Sc 1), F RS 


(Received June 2,—Read June 24, 1909*) 


When a shaft of circular section is revolving uniformly, and is transmitting 
power uniformly, a row of particles originally in a line parallel to the axis 
will lie in a spiral of constant pitch, and the position of the shaft at any 
instant may t>e described by the position of this spiral 

Let us suppose that the power is transmitted from left to right, and that 
as viewed from the left the revolution is clockwise Then the spiral is a 
left-handed screw Let it be on the surface, and there make an Angle e with 
the axis Let the radius of the shaft be a, and let one turn of the spiral 
have length X along the axis We may term X the wave-length of the spiral 
We have tans = 2?m/X. If the orientation of the section at the origin at 
time t is given by 6 m 2 irNt, where N is the number of revolutions per seoond, 
the orientation of the section at x is given by 

0 = tone* — (NXf-*), (1) 

a X 


whioh means movement of orientation from left to right with velocity NX ( 
The equation of motion for twist waves on a shaft of circular section is 


d»0_ va (P0 
dt»~ " da*' 


( 2 ) 


where U» 2 = modulus of rigidity/density = njp. 

Though (1) satisfies (2), it can hardly be termed a solution for cPB/dt *, and 
<P0fda,* in (1) are both zero Bnt we may adapt a solution of (2) to fit (1) 
if we assume certain conditions in (1). 

The periodic value 

0 = &vm^(Uj-x) 


satisfies (2), and is a wave motion with veloaty U» and wave-length l. Hake 
l so great that for any time or for any distance under observation T 7jfl 
and xfl are so small that the angle may be put for the sine Then 

( 8 ) 

This is uniform rotation It means that we only deal with the part of 
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the wave near a node, and that we make the wave-length l ao great that 
for a long distance the “ displacement curve ” obtained by plotting $ against 
t coincides with the tangent at the node We must distinguish, of course, 
between the wave-length l of the periodic motion and the wave-length X of 
the spiral 

We can only make (1) coincide with (3) by putting 
» Q/l s= 1/X and NX = U» 

Then it follows that for a given value of N, the impressed speed of uniform 
rotation, there is only one value of X or one value of e for which the motion 
may be regarded as part of a natural wave system, transmitted by the 
elastic forces of the material with velocity = y/ ( njp ) There is therefore 
only one “ natural ” rate of transmission of eneigy 

The value of e is given by 

tane = 2ir«/X = 2ir«N/NX = 2vaN/U n = 2iraNy/(p/n) 

Suppose, for instance, that a steel shaft with radius « = 2 cm, density 
p = 7 8, and rigidity n=10 1!i is making N = 10 revs per sec We may put 
tan esc, since it is very small The shaft is twisted through 2w in length 
X or through 2w/X per centimetre, and the torque across a section is 
G = J mta K 2 tt/X = ww s a 4 N' v /(p/w), 



The onergy transmitted per second is 

2wNG ss 2ir a « 4 N® v /(fip) 

Putting 1HV = 746 x 10’ ergs per second, this gives about 38 H I*. 

But a shaft revolving with given speed N can transmit any power, subject 
to the limitation that the strain is not too great for the material When the 
power is not that “ naturally ” transmitted, we must regard the waves as 
"forced" The velocity of transmission is no longer U», and foroes will 
have to be applied from outside m addition to the internal elastic forces to 
give the new velocity 

Let H be the couple applied per unit length from outside Then the 
equation of motion becomes 

d*6 TTJ d»0,2H 
dt* ~ * 

where $ ira* is the moment of inertia of the cross section. Assuming that the 
condition travels on with velocity U unchanged in form. 

f * -ug and 
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or H has only to be applied where cP0/dst? has value, that is where the twist 
is changing 

The following adaptation of Bankme’s tube method of obtaining wave 
velocities* gives these results m a more direct manner. Suppose that tile 
shaft is indefinitely extended both ways Any twist disturbance may be 
propagated unchanged in form with any velocity we choose to assign, if we 
apply from outside the distribution of torque which, added to the torque dup 
to strain, will make the change m twist required by the given wave motion 
travelling at the assigned speed. 

Let the velocity of propagation be U from left to nght, and let the dis¬ 
placement at any section be 0, positive if clockwise when seen from the left. 
The twist per unit length is 

d6 _1. rW _ 
dx = U dt~ U 


The torque across a section from left to right in clockwise direction is 

i d0 _wira * & 

r-* 


Let the shaft be moved from right to left with velocity U, then the dis¬ 
turbance is fixed in space, and if we imagine two fixed planes drawn 
perpendicular to the axis, one, A, at a point where the disturbance is 0 and 
the other, B, outside the wave system, where there is no disturbance, the con¬ 
dition between A and B remains constant, except that the matter undergoing 
that condition is changing. Hence the total angular momentum between A 
and B is constant But no angular momentum enters at B, since the shaft 
is there untwisted and has merely linear motion At A, then, there must be 
on the whole no transfer of angular momentum from nght to left. How, 
angular momentum is transferred in three ways *— 

1 By the oarnage by rotating matter. The angular momentum per unit 
length is ipira.% and since length U per second passes out at A, it carries 
out J ptrn*0V 

2 By the torque exerted by matter on the nght of A on matter on the left 
of A. This takes out — nw« 4 0/2U 

3 By the stream of angular momentum by which we may repreeent the 
forces applied from outside to make the velocity TT instead of U». 

If H is the couple applied per unit length, we may regard it as due to the 
flow of angular momentum L along the shaft from left to nght, such that 
H=* —eiL/diB. There is then angular momentum L flowing out per second 
from right to left. Since the total flow due to (1), (2), and (3) is sera, 
ipwo 4 #U—JMra*d/2U—L * 0, 

* ‘ PhiL Trans.,' 1870, p. 877. 
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“• H --s“'irS< D, - u *'> 

If H s 0, either U # =U„* when the velocity has itB “ natural value," or 
<P0/da? as 0, and the shaft is revolving with uniform twist in the part 
, considered 

Now put on to the system a velocity IT from left to right The 
motion of the shaft parallel to its axis is reduced to zero, and the disturbance 
and the system H will travel on from left to right with velocity IT A 
"forced” velocity does not imply transfer of physical conditions by the 
material with that velocity We can only regard the conditions as repro¬ 
duced at successive points by the aid of external forces We may illustrate 
this point-by considering the incidence of a wave against a surface If the 
angle of incidence is % and the velocity of the wave is V, the line of contact 
moves over the surfaoe with velooity v = V/sin t, which may have any value 
from V to infinity The velocity v is not that of transmission by the 
material of the surface, but merely the velocity of a condition impressed on 
the surface from outside 

Probably m all cases of transmission with forced velocity, and certainly 
in the case here considered, the velocity depends upon the wave-length, and 
there is dispersion 

With a shaft revolving N times per second U = NX, and it is interesting 
to note that the group velocity IT—XrfU/dX is zero It is not at once evident 
what the group velocity signifies m the case of uniform rotation. In ordinary 
oases it is the velocity of travel of the “ beat ” pattern, formed by two trains 
of slightly different frequencies The complete "beat” pattern is contained 
between two successive points of agreement of phase of the two trains In 
our case of superposition of two strain spirals with constant speed of rotation, 
points of agreement of phase are points of intersection of the two spirals 
At such points the phases are the same, or one has gained on the other by 
2«r Evidently as the shaft revolves these points remain in the same cross- 
section, and the group velocity is zero 

With deep water waves the group velooity is half the wave velocity, and 
the energy flow is half that required for the onward march of the waves.* 
The energy flow thus suffices for the onward march of the group, and 
the case suggests a simple relation between energy flow and group velooity. 

But the simplicity is special to unforced trains of waves Obviously, 

* 0. Beynokts, ‘Nature, 1 August 83,1377; Lard Bayleigb, ‘Theory of Sound,’ voL 1, 
is 477 
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it does not hold When there ore auxiliary woifeing forces adding or sub¬ 
tracting energy along the waves For the revolving shaft the simple 
relation would give us no energy flow, whereas the strain existing in (die 
shaft implies transmission of energy at a rate given as follows. 

The twist per unit length is dff/dr, and therefore the torque across a 
section is «- $ mratddfdx, or nira*6/\J, since dS/djc — — 0/ U. The rate of 
working or of energy flow across the section is $ nira*d a fXJ ( 

The relation of this to the strain and kinetic energy in the shaft is easily 
found. The strain energy per unit length being & (couple x twist per nut 
length) is invalids I dry, which is J nva^/X] 2 . The kinetic energy per 
unit length is $ pira+B 3 , or, putting p—nj U, a , is i »7ro 4 6>*/U»* 

„ In the cose of natural velocity, for which no working forces along the 
shaft are needed, when U=XJ n —\/ (n/p), the kinetic energy is eqnal to the 
strain energy at every point and the energy transmitted across a section per 
second is that contained in length U„. 

But if the velocity is forced this is no longer true,* and it is easily shown 

2U 

that the energy transferred is that in length Y+V*]Tj 8 * 18 l 088 than 

U if U>U B , and is greater than U if U<U«. 

It appears possible that always the energy is transmitted along the shaft 
at the speed U* If the forced velocity U>U„ we may, perhaps, regard the 
system in a special sense as a natural system with a uniform rotation 
superposed on it 

let us suppose that the whole of the strain energy in length U» is 
transferred per second while only the fraction p of the kinetic energy is 
transferred, the fraction l—p. being stationary. 

The energy transferred straw energy w U, kinetic energy in U» 
-1/U U./2U* U,/2U, S 

Put U = pU*, and our supposition gives 

1 = 1 M 2 1./. 1\* 

w. m.*w. OT '‘t?" \ i) 

If the forced velocity U<U„ we may regard the system as a natural one, 
with a uniform stationary strain superposed on it 

Wc now suppose that the whole of the kinetic energy is transferred, but 
only a fraction v of the strain energy, and we obtain 

^“2^ + 5u; or *«2p-i>*-i-<i-py. 

* In the Selimeier model illustrating the dispersion of light, the particles may be 
regarded as outside the material transmitting the waves and aa applying forces to the 
material whfch make the velocity forced The simple relation between energy dew and 
group velocity probably does not hold for this model. 
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It is perhaps worthy of note that a uniform longitudinal flow of fluid may 
he conceived as a case of wave motion in a manner similar to that of the 
uniform rotation of a shaft 

A Suggestion as to the Angular Momentum in a Beam of Circularly Polarised 

Light. 

A. uniformly revolving shaft serves as a mechanical model of a beam 
of circularly polarised light The expression for the orientation 6 of any 
section of the shaft distant x from the origin, 6 — 2irX _) (U<—a), serves also as 
an expression lor the orientation of the disturbance, whatever its nature, 
constituting circularly polarised light 

For simplicity, take a shaft consisting of a thin cylindrical tube Let the 
radius be a, the cross-section of the material «, the rigidity n, and the 
density p. Let the tube make N revolutions per second, and let it have such 
twist on it that the velocity of transmission of the spiral indicating the twist 
is the natural velocity U* = y/ ( n/p ) 

Repeating for this special case what we have found above, the strain 
energy per unit length is £ or, since e = adBjdx = —atijXJ n , the strain 
energy is J — i pahB 3 

But the ( kinetic energy per unit length is also £ pabiP, so that the total 
energy in length U, is pa^stPUn The rate of working across a section is 
nesad = TuPsdi/U* as pa^iPUn, 

or the energy transferred across a section is the energy contained m 
length U* 

If we put £ for the energy m unit volume and 6 for the torque per unit 
area, we have GsB m E«U„ 

whence G = ElT«/tf = EN\/2wN = EX/2w 

The analogy between circularly polarised light and the mechanical model 
suggests that a similar relation between torque and energy may bold m 
a beam of suoh light inoident normally on au absorbing surface If so, 
a beam of wave-length X containing energy E per unit volume will give up 
angular momentum EX/2w per second per unit area. But m the case 
of light waves E m P, where P is the pressure exerted. We may therefore 
put the angular momentum delivered to unit area per second as 

PX/8w 

In the' Philosophical Magazine,’ 1905, vol. 9, p 397,1 attempted to show 
that the analogy between distortions! waves and light waves is still oloser, 
in that dietortiocal waves also exert a pressure equal to the energy per unit 
volumei. But as I have shown in a paper on « Pressure Perpendicular to the 



569 Dr. Poynting. [June 

Shear Planes in Finite Pure Shears, eto.” (antei, p. 546), the attempt was 
faulty, and a more correct treatment of the subject only shows that there 
is probably a pressure We cannot Bay more as to its magnitude than that if 
it exists it is of the order of the energy per unit volume. 

When a beam is travelling through a material medium we may, perhaps, 
account for the angular momentum in it by the following considerations. 
On the electromagnetic theory the disturbance at any given point in ^ 
a circularly polarised beam is a constant electric strain or displacement/ 
uniformly revolving with angular velocity 6 In time dt it changes ita 
direction by dd 

This may be effected by the addition of a tangential strain fd6 , or the 
rotation is produced by the addition of tangential strain /# per seoond, or by 
a current/# along the circle described by the end of f We may imagine 
that this is due to electrons drawn out from their position of equilibrium so 
as to give /, and then whirled round in a circle so as to give a circular 
convection current JB Such a circular current of electrons should possess 
angular momentum 

let us digress for a moment to consider an ordinary conduction circuit 
as illustrating tho possession of angular momentum on this theory Let the 
circuit have radius a and cross-section «, and let there be N negative 
electrons per unit volume, each with charge t and mass m, and let these be 
moving round the circuit with velocity v. If i is the total current, t = Nave. 
The angular momentum will be 

N»27m. viva — 2ira 9 i7n/e as 2 Aim ft = 2Mm/e, 

where A » the area of the circuit and M is the magnetic moment This is 
of the order of 2M/10 7 

It is easily seen that this result will hold for any circuit, whatever its 
form if A is the projection of the circuit on a plane perpendicular to the 
axis round which the moment is taken and if Ms At. If we suppose that 
a current of negative electrons flows round the circuit in this way and that 
the reaction while their momentum is being established is on the material 
of the conductor, then at make of current there should be an impulse on 
Idle conductor of moment 2M/10 7 . If the oncuit could be suspended so that 
it lay in a horizontal plane and uas able to turn about a vertical axis in 
s space free from any maguetic field, we might be able to detect such impulse 
if it exists. But it is practically impossible to get a space free from ms gssfa* 
intensity. If the field is H, the couple in the circuit due to it is proportional 
to HM, It would require exceedingly careful construction and adjustment 
of the circuit to ensure that the component of the oonple due to the frH 
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about tiie vertical axis was so small that its effeot should not made the effeot 
of the impulsive couple. The electrostatic forces, too, might have to be 
considered as serious disturbers. 


Returning to a beam of circularly polarised light, supposed to ooutaw 
electrons revolving in circular orbits in fixed periodic times, the relatione 
between energy and angular momentum are exactly the same aa those in 
.a revolving shaft or tube, and the angular momentum transmitted per second 
per square centimetre is Ex/2w ■* PX/2 ir, where P is the pressure of the 
light per square centimetre on an absorbing surface. 

The value of this in any practical case is very small In light pressure 
experiments, P is detected by the couple on a small disc, of area A say, at an 
arm b and suspended by a fibre. What we observe is the moment APi. If 
the same disc is suspended by a vertical fibre attached at its oentre and the 
same beam circularly polarised in both cases is incident 
normally upon it, according to the value suggested the torque is 
APX/2 ir. 

The ratio of the two is X/2 vb Row b is usually of the 
order of 1 cm. Put X = 6 x 10“*, or, say, 2 ir/lO - *, and the ratio 
becomes 10“ ® 

It » by no means easy to measure the torque APS accurately, 
and it appears almost hopeless to detect one of a hundred* 
thousandth of the amount The effect of the smaller torque 
might be multiplied to some extent, as shown in accompanying 
diagram. 

Let a series of quarter wave plates, pi, p», ps, ..., be 
suspended by a fibre above a Nicol prism K, through which 
a beam of light is transmitted upwards, and intermediate 
between these let a series of quarter wave plates, q t , q s ,.... 
be fixed, each with a central hole for the free passage of the 
fibre. The beam emerges from N plane polarised. If N is 
placed so that the beam after passing through is circularly 
polarised, it has gained angular momentum, and therefore tends to twist 
pi round. The next plate ji is to be arranged so that tile beam emerges from 
it plane polarised and in the original plane. It then passes through p& 
which is similar to pi, and again it is circularly polarised and so exercises 
another torque. She process is repeated with j* and p* and so on till the 
beam is exhausted. By revolving K through a right angle round the beam, 
the effect is reraised. But, even with such multiplications, my present 
experience of light foroes does not give me much hope that the effect could 
he detected, if it has the value suggested by the mechanical model. 
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The Liquidus Curves of the Ternary System; — Alttnmiutn- 

Copper- Tm. 

By J. H Anoekw, M.8c , Dalton Scholar, and C. A EdWABDS, Research Fellow 
and Demonstrator in Metallurgy, Victoria University, Manchester 

(Communicated by J. E Stead, F R S Received May 3,—Read May 27,1009.) , 

[Pun 3 ] 

The study of the constitution of alloys is of great theoretical interest, 
and the practical use of the knowledge so obtained can scarcely be over¬ 
estimated , in fact, it may be said, that the heat-treatment of a given aeries 
of alloys cannot be correctly accomplished without an accurate knowledge of 
the structural changes which occur with varying temperature and concen¬ 
tration 

So much work has been done on this subject, that we are now in possession 
of accurate data for a large number of the alloys containing only two metals, 
but with the exception of Mons. C harpy’s* classical work on the lead-tin- 
bismuth alloys, comparatively little work has been published on mixtures of 
three or more metals. This is not surprising when we consider the increased 
analytical and experimental difficulties, and also the possible number of alloys 
in a senes containing three elements. 

If relatively the same number of determinations are required for a ternary 
as for a binary senes of alloys, then n x $n will be the number required for 
the ternary when n is the number for the binary series In other words, if 
80 alloys (whioh is a moderate figure) are necessary to determine tile melting 
points and structural changes of a senes of alloys containing two elements, 
450 would be needed for a senes containing three elements. At first sight 
these figures seem rather overwhelming, and the carrying out of such an 
elaborate set of experiments may appear somewhat out of proportion to the 
interest of the results, but the writers wish to dzswattention to the following 
points:— 

1. The properties which result from mixing two binary alloys having one 
metal common to eaoh are seldom additive. 

2. A large percentage of the non-ferrous alloys, used in the industries, 
contain more than two elements intentionally added for some 
purpose. 

3. The following question is often raised: Can one element be advantageously 
replaced by another, and if so, to what extent ? 

* ' Etude stir low AlllagM Bianos, dtt* Antifriction.’ 
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4. Very little is known as to the effect of impurities on the non-ferrous 
alloys. This is very important, as many alloys are useful only when in a 
metastable condition, eg, an alloy containing 90 per cent of copper and 
10 per oent. of aluminium, when oast in chill, gives the following mechanical 
properties *— 

♦Ultimate stress Reduction of area. Elongation on 8" 

• 88 0 tons 310 per cent. 29*0 per omit 

If a bar of the same material is heated to 400° O for one hour, the 
mechanical properties are radically changed, viz. •— 

Ultimate stress. Reduction of area. Elongation on 8". 

33 0 tons 3 0 per cent 3 0 per cent 

The structure of the alloy as cast consists of about equal proportions of 
« containing 7 35 per cent of aluminium, and /8 containing 12 per cent of 
aluminium. The /9-constituent is slowly decomposed between 400° and 
500° C into * and y, the latter being a very brittle body containing about 
16 per cent of aluminium There can be little doubt that the rapid 
deterioration of properties brought about by heating the above alloy is dne to 
the formation of the 7 -oonstituent Thu alloy u therefore practically 
ruined by heatmg for an hour at 400° C , and it is quite possible that the 
presence of foreign elements may accelerate the /9 a*« + y conversion to 
such a degree as to render it mechanically unfit for use 

A systematic investigation of the constitution of alloys containing three 
elements u therefore a matter of some importance, for only by this means 
can the questions mentioned above be elucidated Before commencing work 
of this description, a knowledge of the three binary alloys u essential, 
e.g,,xf A, B, and G are the elements, then the systems A+B, B+C, and A+C 
should he known. 

For this research the three metals aluminium, copper, and ton were chosen 
for the following reasons —- 

1 . The constitutions of the three series. copper-tin,f oopper-alumimum^ 
and alumiuum-tra§ have been investigated. The liquidus curves are shown 
in figs. 2, 8 , and 4. 

2. There is an increasing tendency to substitute aluminium for tin in 
brasses and other industrial alleys 

* ‘Eighth Report to the Alloy* Reaeareh Committee, Inst of Meob. Engineers,' 
p, 179, Carpenter eyA Edward*. 

7 Hayoookand Neville, ‘Phil Trsna,’ vq], 90S, 1908; Shepherd, * Joarnal of Physical 
Chemistry,’ voL 8, No, 6,1904 
{ Carpenter end Edwards, ‘Inst of Meek Engineers,’ 1907 
| Oupherd, 'Journal of Fhysioal Chemistry,’ voL 8, No. 4,1904. 
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The simplest way of graphically representing a ternary series ^jf alloys is 
by maarw of an equilateral triangle.* Each earner of the triangle represents 
a pure metal. The three Bides correspond to the three binary mixtures 
A+B, A+C, and B+C, and any point inside the triangle indicates a certain 
mixture of the three. A point on any of the vertical lines drawn from each 
base to meet the corresponding comers indicates the percentages of each 
metal, consequently the length of lines drawn from any point in the triangle 
to meet the three sides at nght angles is proportional to the percentage of 
each metal, and the sum of the length of the lines so drawn is equal to the 
height of the triangle. 

Alloys occurring on lines drawn from the sides of the diagram to the 
apex have two components relatively constant, while the third vanes. 
A line drawn parallel to one of the sides of the triangle represents a senes 
of mixtures, in which the percentage of one component is oonstant The 
temperatures at which the liquid alloys begin to deposit solid are represented 
by drawing lines through identical freezing points, and thus obtaining 
isothermal lines for the whole senes. 

Preparation of the Alloys. 

The metals from which the alloys were made had the following degree of 
purity — 

Aluminium. 99 57 per cent 

Oopper . .. .... ... 9998 ,, 

Tin . 99-98 „ 

The methods of making the alloys, although essentially the same as those 
usually employed, viz, of melting and mixing together the constituent metals, 
differed m some details, being modified according to the composition of the 
resulting mixture. 

The copper-rich alloys were made by first melting the weighed quantify of 
copper, and then adding the neoessary amounts of aluminium and tin, the 
aluminium being added always before the tin. Since all alloys made in this 
manner were analysed, no special precautions were taken to prevent any slight 
oxidation likely to oocur But for reasons to be mentioned later, alloys con¬ 
taining approximately more than 12 per cent aluminium and 16 per cent 
tin were pnade by mixing together a binary alky of oopper-alninjninm or 
oopper-tin with the third metal, every precaution being taken to prevent 
oxidation by carefully melting at a low temperature under a layer of cfcaromat 
Several alloys made in this way were duplicated, and were always found to 

* O. G. Stokes, ‘Papers,’ n»L ft, p. US {‘Boy. See ftca,* 1«M> 
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give the Mae melting pout within the limits of experimental error. The 
value of this method, u, of using binary alloys, may be expressed thus:— 

1. Analyses of the binary alloys can be made. 

2, A lower temperature can be employed in making the ternary alloys, 
and in this way less oxidation takes place than in the mixing of three pure 
metals. 

• In all cases the melt was thoroughly stirred in order to ensure perfect 
mixing. The crucibles used and found to be most suitable were the 
“Salamander” crucibles. 

Chemical Analyses, 

At the commencement of the research, it was intended to make a chemical 
analysis of each alloy. Indeed, for the copper-noh alloys analyses were 
made and were quite satisfactory. It was found, however, that analyses of 
the alloys containing more than 16 per cent of tin and 12 per oent. of 
aluminium did not give concordant results. For example, different samples 
of the some bars of two alloys showed the following variations in tin 
contents.— 



Intended composition of the alloy. 

Copper 

Tin 

Aluminium 

5o 1. 

06-00 

17 60 

17 SO 

tint mult ... 

_ 

16 09 


Second mult 

— 

14 90 


Thud mult 


10-00 


Ho. a. 

62-00 

24*00 

M*00 

First mult 


18*00 


Seopnd result 

~ 

16 10 



It was obvious that these widely different results must be due to the look 
of homogeneity of the alloys. In foot, this was quite apparent in alloys 
slightly greater quantities of tin and aluminium then the previous 
ones, the east bats showing excessive segregation. So great was this in many 
cases that the outer part was quite battle, and could readily be separated 
from the soft core by mechanical means. These mechanically separated 
samples were analysed, and although the results could only be taken aa a 
TOugh measure of the segregation, they were convincing, showing that the 
knar stirs contained a luge amount of tin, and the outer brittle layer was 
approximately a copper-aluminium alloy. 
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Experiments were made as to the possibility of produawg a homogeneous 
solid bar for analyses, the idea being to freeze the whole mass before segre¬ 
gation had time to take place. But even with this procedure segregation 
occurred. Therefore, finding that chemical analyses were inapplicable 
synthetio mixtures made from binary alloys had to be relied upon. 

Fretting Point Determinations • 

In order to avoid any error due to reheating; the freezing points of the 
alloys were determined directly after mixing by means of a platinum + 10-per¬ 
cent. indium thermo-junction, the wires being fused together m an oxy- 
hydrogen flame The free ends were soldered to copper leads, these junctions 
being kept at zero, and the wires connected with a mirror galvanometer and 
balancing arrangement similar to that described by Messrs. Carpenter ^nd 
Keeling* in their work on the iron-oarbon alloys. 

With most of the alloys no difficulty was experienced in finding the 
beginning of solidification, but with those alloys containing approximately 
over 50 per cent, of tin the amount of solid deposited at the initial 
freezing temperature was so small that great care had to be taken in order 
to detect the evolution of heat at this temperature. By cooling .extremely 
slowly, and carefully timing the rate of foil of temperature of the melt, 
it was found possible to detect the slightest arrest of the movement of 
the galvanometer In many oases, determinations were repeated several 
times for verification The melt in all cases was cooled in the furnace, and 
except where the alloy froze at a very low temperature the furnaoe lid was 
not removed. 

The freezing curves taken in the region H to J (fig. 1) present a certain 
peculiarity, in the form of a slight arrest which takes place at approximately a 
constant temperature, viz, 900° C. It was thought at first that this might be 
the freezing point arrest, but thus ideais rendered improbable by the foot that 
such a value, it taken, would break the continuity of the isothermal curves, 
whilst the points actually taken conform to the general curvature of the 
lines The writers think this slight arrest is due to the mutual separation, in 
the liquid state, of the copper-elumuium mixture and the tin. 

In order to locate the position of the isothermal ourves, as shown in the 
plate, more than 400 alloys and melting point determinations were made. 


■* Carpenter and Keeling, “The Benge of Sohdifloction and the Critical lunges of 
Iron-Carbon Alloys," 4 Journal of the Iron and Steel Institute^ veL X, 1904. 
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The Diagram. (Plate 3) 


The diagram is conveniently divided into areas, in which the direction of 
the isothermal curves is similar. Alloys in each area may be classed as 
a group or family, m which the influence on the liqnidus of a certain phase 
predominates. As the compositions of the binary alloys only are known 
with any degree of certainty, the writers propose to speak of the alloys in 



Fie. 1.—Key to Areas on Main Diagram (Plato 8), 


groups, giving reference to the binary constituent which has the greatest 
influence on the liqnidus of each group. 

Alloys in the ABC area (fig. 1) begin to solidify with the formation of the 
copper-tin «*crystals, which also contain a certain amount of aluminium. 
The ACD group of alloys, on cooling, first deposit ooppcr-atumnrium 
e-crystals containing some tin. 
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Mixtures in the area BEFC commence to freeze with the dejaositioa of 
copper-ton ^-crystals, which also appear to* contain some aluminium in 
solution. The lower part of this area is not well defined, but seems to merge 
into the adjacent (me, the liquulus of which is formed by the freezing out at 
a chemically strong compound. 

In the area DFExyGHI, the constituent which is the first to separate is 
the copper-aluminium ft phase, which also holds tin m solid solution Thu* 



fttKormt CtanumM 

Fig 2. —Liqnidus Curve of Copper-Tin Alloys. 

constituent first appears in the binary alloys at 7 35 per cent, of aluminium, 
and is present in all alloys np to 16 per cent. An alley with 13 per sen tat 
aluminium consists of pure ft and oloaely corresponds to the compound 
OusAl. 

Whilst there is no indication on the liquidue diagram to mark tim precise 
position of the fewer HI boundary hue e# this area, the writers osnridsr 
the area shown as being approximately eorreot It was deduced by dsatring 
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a line froth the point H, which corresponds to the disappearance of the 
£-phaee"in the binary alloys, to the point I, which seems to be the extent to 
which this phase influences the formation of the curves. It»interesting to 
note that the phase which is present in the copper-aluminium alloys, only 
over a range of 8 65 per cent, via, from 7*35 to 16 per cent, of aluminium 
is the constituent which influences so markedly the freezing point of these 
%Uoys even when as much as 95 per cent, of tm is present. 

Further, the copper-tin y and v phases which are deposited respectively 
from the liquid alloys containing from 32 to 57*5, and 57 5 to 99 per cent, of 
tin, do not crystallise from any of the liquid ternary alloys. This u 
obviously due to the added aluminium combining with the copper to form 
the oopper-aluminium phase, thereby raising the freezing point of the alloy 
above that of either y or 17 . Thns an alloy with 80 per cent of tin and 
20 per cent of copper begins to freeze at 530° C., but if 0 50 per oent of 
aluminium is added to it, the mixture will commence to solidify at 730° G 

Alloys in the area HI J and JIGK may be considered together. the first 
begins to deposit the copper-aluminium 7 -phase, and the second the 
7 '-phase, both of which are pure The tin separates and settles to the 
bottom in an almost pure state. 

The area LGKMN encloses alloys whioh on cooling deposit pure crystals 
of the compound CuAl a The added tm has no influence on their melting 
points, but simply separates, forming a separate lower layer of tm. 

Alloys m the area NMO on cooling deposit the solid solution of copper in 
aluminium which may also contain a small amount of tm. 

The area LNO The solid first formed on cooling alloys in this area is 
the solid solution of tm m aluminium which may also contain a limited 
amount of copper. 


1. The character of the Uquidus curves, as seen on the diagram, indicates 
that no ternary oompound is deposited from any of the liquid alloys, and 
throughout the whole system no true ternary pbaae appears to form above 
the solidus. The alloys around the point N cannot he send to consist of 
a ternary eutectic, but rather it would seem that the melting point of the 
oopper-aluminium eutectic at M is slightly lowered by tin, whioh remains in 
the free liquid state. This absence of ternary phases may be eooounted for 
by the foot tint the oopper-alunumum phases, in alloys oontainmg more 
than 12 per tent of aluminium, have very little or no affinity for tm. This 
behaviour of the oopper and aluminium towards tin suggests that the system 
might almost be considered as a binary senes of alloya la fact, if the 
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bearing points of alloys containing a constant percentage of tin aw platted, 
liquidus curves are obtained of a similar character to that of the copper* 
aluminium alloys. (See figs. 5,6, and 7) 
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The liquidus curve of alloys containing 10 per oent. of tin, with the 
copper and aluminium varying from 0 to 90 per cent, is shown in % 5. 
The general character of this curve is almost identical with that of the pure 
copper-aluminium alloys (fig. 3). In both oases, the addition of aluminium 
first lowers the melting point from A to D, then produces a rise, to a 



80 90 M percent 


maximum at B, which corresponds to the compound Ou*Al. Thu is followed 
first by a gradual, and than by a rapid fall in the melting point to K, where 
the compound CuAl* is in each case deposited from the liquid alloys, With 
mom aluminium the melting point Is gradually lowered, in the case of the 
binary alloys to the minimum point M, but with those containing 
19 per oent of tin to a minimum range If, M'. From here to B, fig. 8, 
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pure aluminium on the one hand, and 90 pet cent alumimnm with 
10 per cent, tm on the other, 6, fig 5, the melting points are raised, m the 
ease of the latter curve there is a ebght break at S, this being the point 
where it cute the line NO in the key diagram, fig. 1. 

Fig. 6 represents the liquidus curve of alloys containing 50 per cent of tin 
and from 0 to 50 per cent, of copper and aluminium. In this curve the 
branch AD, fig 3, which corresponds to the a-range, is absent, in other • 
respects the curves are very similar Another curve of this character is 
shown in fig 7, for the alloys containing 80 per cent of tin and from 0 to 
20 per cent of copper and aluminium On this curve it is Been that the 
80-per-cent, tin and 20-per-cent copper alloy begins to Bolidify at 530° C., 
and with the addition of up to 1 per cent, of aluminium the freezing point is 
rapidly raised to 800° C 

Although there is 80 per cent of tin in this senes, the curve from 
1 per cent, to 20 per cent of aluminium is almost identical with fig 3 from 
the point D to B 

Considered in another way, the phases formed in the copper-aluminium 
senes from D to B, which oover a range of more than 90 per cent., are 
compressed into a range of only 20 per cent, m the presence of 80 per cent, 
of tm. 

A curve plotted on a different system is shown m fig. 8 Thu curve is 
drawn through the melting points of alloys occurring on a line from the 
point B (Cu*Al) through the maxima of the beak-like ourves in the area 
PFExyGH to the point C which corresponds to pure tan From the carve 
it will be seen that the introduction of tin to the compound Cu»Al steadily 
lowers the melting point of the latter to 945° C at B, from here to C the 
lowering is very slight, but afterwards there is a rapid fall m the melting 
point to D. 

2 The remarkable stability of the oompound Cu»Al is clearly shown by 
the beak-like formation in the area DFExyGIH, which Bhowa that the 
affinity of tm for either copper or alumminm is not sufficient to overcome 
the affinity of those two elements for each other 

3 Alloys in the aiea KGLMN which contain a relatively constant pro¬ 
portion of coppei and aluminium, i.e , those which occnr on lines drawn 
from the side of the triangle AB to the corner C, have identical freezing 
points This means that the introduction of tm to any of the copper- 
aluminium alloys between KM has no influence on the freezing points, 
which indicates that the two liquids, tm and the copper-aluminium 
mixtures, are mutually insoluble 

4. Tm is insoluble m by far the greater number of the elloys This 
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phenomenon is most evident in all those on the lower Bide of the line HI 
with the possible exception of a very limited number containing upwards of 
about 94 per cent of aluminium 



In conclusion, the writers wish to gratefully acknowledge the assistance 
given by Prof H. C H. Carpenter, in placing the apparatus in his 
laboratories, and the materials used, at their disposal, and for kindly 
criticism during the progress of the work * 
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Sensitive Micro-balances and a New Method of Weighing 
Minute Quantities. 

By Bertram D Steele and Kerr Grant. 

(Communicated by Sir William Ramsay, K.C B., F.R S Received June 10,— 

Read June 24,1909 ) 

In the course of experiments undertaken by the authors with a view to 
establishing a possible relation between the amount of ionisation produced at 
the Burfaee of certain heated metals and the amount of oxidation of the 
metal, it became neoesaary to be able to measure changes of weight of the- 
order of one-thousandth of a milligramme (1 x 10~ 6 gramme) 

A micro-balance oi the Nernst type was accordingly constructed which 
possessed the requisite sensitiveness, but considerable difficulty was 
experienced in obtaining consistent readings with it, owing chiefly to the 
inconstancy of zero and tlie great variation of sensibility with load This 
latter defect is an inevitable consequence of the fact that a restoring couple 
due to gravity, the magnitude of which varies, as in the ordinary balance, 
with the position of the centre of gravity of the system relative to its 
point of suspension, is superposed on the restoring torque of the quarts 
fibre. Attempts to minimise this trouble led finally to the conclusion that 
for the purpose in view bettei results were to be expected from a gravity 
balance of the ordinary type in which the required degree of sensitiveness 
should be attained by making the beam very light As the maximum load 
which it was intended to use on the balance was less than half a gramme, 
this could be done without loss of proportionate rigidity. 

A beam, the weight of which was less than half a gramme, was accordingly 
made m the form of a plane frame-work of fused quartz rod of 06 mm. 
diameter. The ordinary knife-edges were at first replaced by pairs of very 
fine points ground on the ends of quartz rods, the central pair rested on 
a polished plane of quartz crystal, the ordinary pointer was replaced by 
a small ooncsave glass mirror attaohed in line with the central axis. 

’ With this beam it was found possible to weigh mas se s not exceeding 
one-fifth of a gramme with an accuracy of one-thousandth of a milligramme 
(1 x 10"' gramme), and as it was deal' that the sensitiveness of an 
instrument of this type could be still greatly increased, die possibility 
suggested itself of ooustruoting an instrument sufficiently sensitive to detect 
and perhaps even to measure the changes of weight which radio-active 
substances are supposed to undergo For, according to Rutherford,* the 
* * Radio-active Transformation!,' pp. 149 and IfiO 
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amount of. radium emanation given off by 1 gramme of radium bromide 
amounts approximately to 2 x 10~ u gramme per second, t.e 173 x lO”* 
gramme per milligramme per day. Assuming, then, that 10 milligrammes of 
radium bromide were available, the loss of weight per day would be 
approximately 1*73 x 10~ 8 gramme, and in order to detect this loss the 
balance would have to possess a sensibility of 1 x 10~ 8 gramme, and to be 
jree from any wandering of zero which might mask or obliterate the real 
alteration of weight After long continued experimentation and the intro¬ 
duction of numerous successive improvements m the details of construction 
an all-quartz constant-load vacuum gravity micro-balance has been designed 
and constructed in which the above conditions are completely fulfilled. 

Two types of micro-balance have been constructed — 

Type A —A micro-balance designed for the measurement of Bm&li 
alterations in weight of any substance and sensitive to one two-hundred and 
fifty-thousandth of a milligramme (4 x 10~* gramme) 

Type B —A micro-balance for the absolute determinations in weight of 
masses not exceeding, m general, one decigramme, with an accuracy of 
one ten-thousandth of a milligramme (1 x 10~ T gramme). 

Before proceeding to the description of the micro-balances a description of 
the balance-case and its attachments will be given. The same case has been 
used for both types of balance, and its construction will be made clear by 
reference to figs. 1, 2, and 3, which show respectively the front section, plan, 
and end section 

In order to ensure rapid equalisation of temperature the case was made as 
small as possible and of brass Tbe walls are about one-eighth inch thick 
and are carefully tinned both inside and outside to prevent the possibility of 
leakage due to the porosity of the brass. The case consists of the box-hke 
base B and of the cover C and its inside dimensions are as follows — 
Length, 12 cm , height, 9*5 cm., and width, 6 cm. The base and oover are 
each provided with a flange 15 cm wide, and these two flanges are carefully 
ground together so as to make, when properly lubricated, a perfectly vacuum- 
tight joint. In order to separate the cover from the base without jolting the 
instrument, the flange on the base is provided with the log e, that on the 
cover with a corresponding lug e t , and the thumb-screw d 
A hole 5x4 cm. is out m the end of the cover and over this is 
cemented a window of good plate glass. The whole case is supported by 
three brass legs D, on a marble base E, which is in turn supported by three 
levelling screws (not shown in the figure). The knife-edge of the beam 
rests on a plate of ground and polished quartz crystal, for tbe preparation of 
which we are indebted to our colleague Mr. H. J. Grayson. This plate f is 
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cemented to the top of a brass pillar i, which is screwed into th^ solid bleok 
■g in the base 
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The attachments for the arrestment and release of the beam are as 
follows: The upright arm of a brass T-pieoe h passes through a hole along 
the axis of the rod k, an L-shaped piece of stout brass wire is attached to 
the rod k, and the vertical part of this passes through a hole in the 
horizontal part of the T-piece, which is thus free to move in a vertical 
direction only. The vertical movement is controlled by the exeentne. 
cam o on the end of the rotating piece l. The latter consists of a brass- 
stopper carefully ground to lit the tapenng tube m, and when properly 
lubnoated makes a perfectly vacuum-tight joint and at the same time can be 
rotated freely. It is provided with a T-shaped vulcanite handle p, vulcanite 
being used to prevent as far as possible access of heat to the case when the 
handle is turned. The cam o works on a curved lever of brass q, which is 
hinged to the base at r, and by its rise or fall raises or lowera the T-piece h 
The lever q is made broad at its hinged end so as to allow ot the partial 
withdrawal of l for purposes of lubnoation To the T- piece A ate cemented 
the V-shaped pieces of fine quartz rods which are adjusted so as to centre 
but not to raise the beam when the arrestment is lifted. The bottom of the 
base is provided towards one end with a hole 2*3 cm. m diameter into which 
is oemented the ground glass ^joint t. In the balance of type B the 
suspended partis hang into this tube, by removal of which access may be had 
to the scale-pan and counterpoise A small quantity of calcium ohlonde in 
the bottom of the tube serves to dry the air within the case. The brass- 
tube u, whioh is soldered to the oase.has the manometer tube v oemented into 
it, connection with the atmosphere or with a Geryk vacuum pump is made 
through the two-way stop-oook «. The height of the mercury column in the< 
VOL. LXXXU.—A. 2 B 
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manometer is read in the usual manner by m ea n s of a telesoope jnd scale to 
a tenth of a millimetre To prevent entrance of dust particles, the air 
entering the case through the stop-cock is made to pass through a tightly 
packed plug of ootton wool A thermometer is cemented into a narrow 
brass tube (not shown in the figure) which is soldered into the top of the 
cover. 

It was found that a cement consisting of 95 per sent shellac and 
5 per cent oil of cloves was capable of making perfectly vacuum-tight joints, 
and this was accordingly used wherever cement was required in the con¬ 
struction of the oase 

The capacity of the finished case to retain a vacuum was repeatedly tested 
and the following measurements are quoted as typical •— 

February 1,1909, 6 pm. . P ar 0*41 cm. 

February 2,1909,105 A.M ... . Pas 041 cm. 

In order to damp accidental vibrations the levelling screws of the case are 
supported on glass plates lying on rubber corks 2 mohes in diameter and 
1 inch deep Tins devioe was found sufficient to obviate all trouble of this 
kind 

The zero position of the instrument is determined by reading the position 
on a millimetre scale of the image of the filament of a Nernst lamp cast by 
the mirror attached to the beam In the more sensitive balance of type A 
it was found that at pressures greater than about 2 cm. the heat from the 
source of light created considerable disturbances, and to minimise these the 
lamp was screened by a metal case with a small hole in it. The light passed 
through this hole and then through a fiat glass oell containing a solution of 
alum to absorb as much heat as possible, and in addition a hollow double 
screen of asbestos was suspended in the path of the beam, which screen, by a 
pulley arrangement, could be raised for the moment when it was desired to 
read the position of the image. 

We will now give a detailed description of each type of mioro-balance. 

Micro-balance A * A differential micro-balance capable of measuring altera¬ 
tions of not less than one two-hundred and fifty-thousandth of a milligramme 
(4 x 10“* gramme) • 

The oase having already been described, the description of the instrument 
and the method of calibrating and using it will now be given under the 
following heads *— 

(a) The Beam, ( b ) Theory and method of calibrating and using the 
instrument 

(a) The beam consists of a framework of fused quarts rod of the farm 
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shown in figp, 1 and 2, A Its dimensions along with its other constants are 
given in the table at the end of this section. 

The use of fused quartz as the material of the beam has the following 
important advantages:— 

(1) It is under all probable conditions of usage absolutely incorrodible, 
does not, as most, if not all metals, probably do, occlude gases, and is only 
sightly hygroscopic 

(2) It is veiy light, and in this respect has a further advantage over all 
metals except aluminium. 

(3) Its tensile strength is very great, and its elasticity perfect within the 
limits of possible strain. 

(4) Its coefficient of temperature expansion is exceedingly small, and 
consequently no distortion of the beam, with consequent alteration of the 
sensibility of the balance, is to be anticipated as the result of small tempera¬ 
ture changes This property also confers on the beam i mmuni ty from fracture 
during process of construction or subsequent exposure to high temperature 

(5) It is readily and cheaply obtainable m a condition of perfect purity and 
practical homogeneity This latter condition, as will be shown below, is 
absolutely essential in a sensitive vacuum-balance. 

(6) It is easily and safely manipulated with the oxy-gas flame, so that 
the beam can be quickly constructed, and the adjustments for balance, 
stability, and sensibility readily made m the manner described below. 

(7) The whole beam consisting entirely of quartz, can be thoroughly and 
easily cleaned in a manner which would be impossible if any metal whatsoever 
entered into its construction. 

The disadvantages of quartz as compared with metals he in its small con¬ 
ductivity for heat and electricity No trouble, to our knowledge, has arisen from 
the former of these causes, and the irregularities of behaviour, whioh were at an 
early stage of the experiments traced to the persistence of the electrification 
acquired by the beam during handling, have now been entirely obviated 
by ionising the air inside the oase either by an X-ray discharge or, as is 
more convenient, by placing on the floor a small quantity of omnium oxide 

The form of the beam, that of a double tnangle, figs. 1,2, and 8, A, is one 
well adapted for ensuring rigidity. The slight inclination of the rods 
forming the lower sides of the triangle to the horizontal enables the centre 
of gravity of the whole to he brought close to the central knife-edge without 
the use of e subsidiary mass. The balance thus forms a single rigid system 
oscillating about a central knife-edge. 'Where the adoption of such a system 
Is feasible, its advantages over the ordinary balance with its double suspended 
scale-pans are obviously very great. 
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The central and only knife-edge is ground upon the end of a quarto rod 
0*6 mm, diameter and about 2 mm long, whioh had been fused at-the end to 
a blob 1 Tnm m diameter The length of the knife-edge is consequently 
about 1 mm ; the angle between its two planes is about 90°. These two 
planes are very carefully ground and the angle of their intersection, when 
viewed under a high-power microscope, showed as a perfectly straight line 
with no irregularities.* 4 

In the earlier beams constructed, a double-point axis was used instead of 
a knife-edge, but this was found unsuitable for balances of high sensibility, as 
also was a modification of it formed by holding the two points for a moment m 
the oxy-gas flame in the hope that they would assume a perfectly spherical 
form. In this case they would give an equivalent ideal knife-edge passing 
through the centres of curvature of the spheres, but as a matter of experi¬ 
ment it was found that the departure from uniformity of curvature was too 
great to permit of constant sensibility over any finite range of oscillation 
The double-sphere and double-point forms of knife-edge were consequently 
abandoned in favour of the above described knife-edge, which has been found 
to function in an entirely satisfactory manner. 

In the earlier micro-balances constructed a very small concave glass mirror 
was attached by shellac to a projecting rod of quartz m line with the central 
axis. Small changes of rero which occurred were assigned with probability 
either to a steady evaporation of the shellac or to a viscous flow m it, pro¬ 
ducing a consequent shift in the position of the principal axis of the mirror 
In order to avoid the use of a cement, some concave quartz mirrors (diameter 
4 mm, focal length 25 cm), with lug attached, were ground and polished By 
means of the lug it was found possible to fuse the mirror directly to the 
beam The position of the mirror relative to the knife-edge is shown in 
fig 3,y 

* The grinding of the knife-edges is easily done with the aid of a small holder in the 
form of a piece of hard steel 2x1 cm, across the centre of which u riveted a piece of brass 
1 cm square and about 2 mm m thickness Holes are drilled m the projecting end of the 
brass piece, and into these the quartz rods which are to be ground are oemented. The 
grinding is done on a pieoe of glass plate which has been ground with fine emery or 
carborundum, and the bolder is moved on the plhte in such a manner that it rests on the 
steel base and on the quartz rods. A gentle pressure is used w rubbing, and the holder 
is turned alternately so as to grind the ends to a chisel. The| operation is finished off 
with very fine carborundum mud, and then a second piece of steel 2*0 x 1 cm. is secured 
on the back of the first piece so that it projects 2 5 mm. on either side of it Waging the 
holder on this new edge, and again on the ends of the quartz rods, the latter are ground 
on a very finely ground glass plate without using any carborundum or emery, but with a 
little glycerine and water as lubricant A gentle pressure is used in this flwd grinding. 
It is quite easy to make a set of three knife-edges in an hour or lean 
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Attached Jbo the beam at its centre, and on the opposite side to the mirror, 
is a small piece of quarts rod with its end turned downwards at a right 
angle (fig. 3, z). This rod serves the dual purpose of balancing the mirror 
and of allowing the position of the centre of gravity of the beam to be 
adjusted. Attached to one end of the beam is a small quartz bulb of known 
internal volume, and containing air sealed up at known temperature and 
pfessure. The object of this bulb will be shown immediately. At the other 
end is attached a quartz counterpoise of any desired shape, which will depend 
on the purpose for which the particular micro-balauoe has been constructed 
The difficulties of adjustment for balance and for the position of the centre 
of gravity, which at first seemed insurmountable, disappeared with the dis¬ 
covery that quartz is appreciably volatile in the oxy-gas flame, and 
consequently, after a rough adjustment has been made by fusing on or 
removing small quantities of thm quartz rod to the counterpoise for balance, 
and either to the apex of the beam or to the subsidiary arm z for centre of 
gravity, the final adjustment is made with extreme ease by holding a pro¬ 
jecting point on the counterpoise or on the apex of the rod z m the hot flame 
of the oxy-gas for periods of time varying bom half a minute to a fraction 
of a second. Before making this final adjustment the beam is cleansed by 
boiling it for about 10 minutes in aqua regia and then for short intervals in 
sucoeBBive quantities of distilled water. Unless the beam is thoroughly 
dean, no consistent readings are obtainable 

Finally, to accelerate any slow minute changes in the shape of the beam 
it is annealed for about 12 hours m a hot-air oven at about 200° C Beams 
which have been treated in this manner show a quite remaikable constancy 
of behaviour, whereas, if the annealing be omitted, small and irregular changes 
of zero take place within a period of a few days 

Theory and Method of Calibration and Weighing 

A difficulty which faced the authors with the construction of the first 
micro-balance of a sensibility exceeding one ten-thousandth of a milligramme 
was that of constructing and calibrating a set of weights light enough to be 
used with it. The sensibility of the earlier balanoes was indeed determined 
by the use of a rider consisting of a measured length of quarts fibre, cut 
from a longer length which had been accurately measured and weighed on a 
delicate assay balance, but the practical difficulties of handling this rider con¬ 
vinced ns that a set of such weights would be impracticable in actual sue 
This difficulty, which naturally increased with the attainment of a sensibility 
of the order of one hundred-thousandth of a milligramme, has been completely 
overcome by the adoption of what the authors believe to be an entirely new 
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method of weighing, by means of which weights of the order of one-hundredth 
of a milligramme can be compared with the standard measures with an 
accuracy of one five-hundredth of their amount, i.e the absolute value of 
such weights can be determined with certainty to one fifty-thousandth of a 
milligramme (2 x 10 "* gramme), while changes of weight can be measured of 
an order as low as one two-hundred and fifty-thousandth of a milligramme 
Not only is this new method of weighing remarkable for its accuracy, but 
also for its convenience and rapidity of working, in which respect it equals, if 
it does not surpass, the method of compensation, rider-a^ustment, and 
oscillation employed with the ordinary precision balance 
The method depends for its successful application on the attainment of 
perfeot homogeneity m the beam, this being the necessary and sufficient con¬ 
dition that the zero position shall be independent of the pressure of the air 
surrounding it. For if we have & balance of any perfectly homogeneous 
material, and the length of the arms—whioh may be considered of negligible 
weight compared with the loads—be l and h, if v and v\ be the volumes of 
these loads, the density of the material being /», that of the medium in which 
the beam is immersed a, then for equilibrium we have the relation 
v ( p—a)l s* vi{p—ff)l\ or vl = «|ii, that is to say, the equilibrium position 
is independent of the difference in density between the material of which the 
beam is composed and that of the medium in which it is immersed. Given 
such a beam, then, the method consists in employing as counterweight the 
whole or any fraction of the weight of the air contained in a sealed quartz 
bulb of accurately determined volume The rationale of the method is 
as follows —If a quartz bulb be filled with air at the same tempera¬ 
ture and pressure as the air surrounding it, the effective weight of the 
contained air will, in accordance with the principle of Archimedes, be zero 
If, however, the density of the air within the bulb differ from that of the 
surrounding air, then the inside air will possess a certain effective positive or 
negative weight If v be the internal volume of the bulb which was sealed 
off at Pi and Ti, then the weight of air within the bulb is w 0 To/Po Pi/Tj, if 
0 -g is the density of air at normal temperature aud pressure T« and P« 
If now the bulb be immersed in air at Pi and T t , its effective weight will be 
vco To/Po (Pi/Ti—Pi/Tj) If, again, the pressure and temperature of the air 
in which the bulb is immersed are changed to Pj and T* the effective weight 
will be woTo/Po(Pi/Ti-P 8 /T»), and the change in effective weight will be 
ve-Q To/Po (Pa/Ti—Pg/Tj) , or, if the temperature be assumed constant, 
wo To/Po (Pi—P»/Ti) If the balance is adjusted so that the zero position on 
the scale corresponds to Pi and T t , and a small amount of substance to be 
weighed be plaoed on the scale pan, the weight of this substance is given by 
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the effective weight of the bulb Thus in micro-balance A the internal 
volume of the quartz bulb, determined (as in all eases) by filling with 
mercury, is 0*0085 cc It was sealed at a temperature of 23° C. and 
a pressure of 769 mm. The weight of air contained in it u, therefore, 
0*01012 milligramme, and by varying the pressure in the vacuum-case any 
value may be given to its virtual weight between this maximum value 
<( which, of course, would only be exerted in a complete vacuum) and zero 
A change of pressure of 1 mm m the case corresponds to a variation 
of the effective weight of 001012/759 = 0*00001333 (1*3 x 10”® milligramme), 
and an alteration of temperature of I s C at 20 mm. pressure to a variation 
of less than 1 x 10 -8 milligramme The temperature effect is therefore 
negligible at all pressures lower than 50 mm * (the variation in volume of the 
quartz bulb with varying pressure in temperature is also negligible) 

As the pressuie in the case can easily be read to one-tenth of a millimetre, 
it is seen at once that an accuracy of determination of 133 x 10“ 8 milli¬ 
gramme can be obtained provided the zero of the instrument remain constant 
and the beam be homogeneous. 

Ab it is impossible to obtain quartz absolutely free from air-bubbles, the 
desired homogeneity in the beam was obtained by making all parts of rod 
diawn from the same sample of the best obtainable rod of large diameter 
That the requisite degree of homogeneity is actually obtained in this way 
will be seen from the following results — 

Micro-balance, Type A, without attached bulb, sensibility (determined by 
placing a quartz nder on the beam and observing its position and the 
deflection produced) of such an order that a deflection of one scale-division 
corresponds to a change m weight of one one-hundred-thousandth of a 
milligramme (1 x 10~ 8 gramme). 

Zero under observation from September 23, 1908, to October 8, 1908, 
during which period thirty-six (36) observations of the zero were made with 
the following results 

24 readings of 608 and 12 readings of 607 scale-divisions were obtained. 
(No attempt was made to read closer than the nearest scale-division.) During 
this period the pressure was vaijed irregularly from 5 mm to 8 cm 
At the conclusion of this senes of observations the bulb was attached and 
sealed up and the beam again adjusted and calibrated. 


* The change m effective weight Aw for an alteration of pressure SP, in the case is 
given by tv « or if T can be taken as equal to T, by Aw ■ and for an 


alteration in the temperature of the ease AT, by tw 


«P, T.ST, 
FT 
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The constants of this balance are as follows — 

Total weight of beam with attached minor, bulb, 
and counterpoise 
Length of arm 
Volume of bulb 
Weight of air contained in bulb 
Time of complete oscillation 

The extreme sensibility and accuracy of the balance ib evidenced by the 
accompanying table, which gi\ es the values of the pressure lUBide the 
balance-case and the corresponding scale-readings The third column gives 
the calculated values of the scale-reading for each pressure on the assumption 
that the change in scale-reading is dueotly proportional to the change in 
pressure •— 


Pressure 

(in mm of moroury) 

Observed leading 
to nearest mm 

Calculated 

reading 

4 8 

681 

(681) 

4 5 

682 

682 

5*6 

638 

636 i 

5 7 

687 

686 

6 4 

689 

688 

6 0 

640 

689 

7 0 

642 

642 

9 8 

650 

650 

12 2 

668 

668 

IS 2 

668 

668 

15 7 

670 

670 

17 4 

674 

676 

22 5 

694 

698 

28 7 

715 

(715) 

35 8 

788 

786 


0*177 gramme. 

51 cm. 

000865 c.c 
102 x 10'* gramme 
35 seoonds. 


The greatest difference between the observed and calculated scale-readings 
in this table amounts to two scale-divisions only, and tins occurs in only 
four out of fifteen readings The average discrepancy is considerably less 
than one scale-division. As shown above, the ohange in weight corresponding 
to a ohange of pressure of 1 mm is 13x10"' gramme, and since 
a change of pressure of 24 4 mm. produced a shift of 82 divisions in the 
scale-reading, the change of weight corresponding to one scale-division is 
equal to 

1<3 ^ 24 - - 3 82 x 10"' gramme, 

i.e less than one two-hundred and fifty-thousandth of a milligramme 
It follows that changes of weight exceeding this amount occurring in any 
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substance attached to the arm of this balance can be observed and measured, 
even if the ohanges occur with considerable slowness, since we have shown 
that the resting point of the balance remains constant over long periods 
of tune 

Description of micro-balance B A micro-balance to determine in absolute 
measure weights not in general exceeding 1 decigramme with an accuracy 
of “ at worst" one ten-thousandth of a milligramme (1 x 10~ T gramme) 

This balance, like micro-balance A, is constructed wholly of quarts and 
consists of ,a beam almost identical in form and dimensions with that of A 
and one suspended system only For the central axis it has been found 
advantageous to replace the small single knife-edge by a pair of knife-edges 
ground on the ends of two quarts; rods about 1 cm. apart 

In place of the ordinary double scale-pan system a counterpoise is ngidly 
attached to one end of this beam, and the weight of the suspended system at 
the other end is always adjusted to equilibrate this. 

Several different methods of attaching the suspended system to the beam 
have been tried Of these, the ordinary knife-edge and plane of fused quartz 
have hitherto been found least satisfactory A fine rounded point and plane 
have given good results up to a sensibility of about one four-thousandth of a 
milligramme, but proved unsatisfactory at higher sensibilities, while attach¬ 
ment by means of a short and very fine quartz fibre fused to the beam at one 
end and to a suspended hook at the other has proved much the best mode of 
suspension * 

Attached to the plane which rests on the end point (or to the fibre if such 
be used) is a hook which carries tjie suspended system 

This consists of a fine quartz rod with a hook at each end, a sealed-up 
quartz bulb a and quartz scale-pan ff, both of which are similarly 
provided with two hooks, and a quartz counterpoise <y, which can be attached 
to the bottom of the scale-pan 

This type of gravity balance appears to us to offer some important 
advantages over the oustomaiy one In the first place, the difficulties of 
construction are much diminished by the avoidance of the adjustments for 

* The attachment of th« hook to the beam by means of the fibre u earned out aa 
follow* - 

A small T-piece of quarts is attached by one arm of the T to the end of the beam, the 
other end serving as a holder, to which a small rod of quarts can be fused for adjusting 
its position j a hook is then put on one end of a piece of fine quarts rod, holding now 
the beam in one hand and the hook in the other, the leg of the T*pfo* «s fused to a 
globule in a very small oxy-gas flame, the straight end of the hook la now passed through 
the flame to touch this globule, and then the two are drawn apart about half a centimetre 
and at the same time withdrawn from the flame A few trials will result in the produc¬ 
tion of a mtlsfaotory flexible suspension. 
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placing the knife-edgeB m plane and parallel, and for equalising the length of 
arms. 

In the micro-balance with fibre attachment the want of perfect flexibility 
of the fibre conditions an alteration in the length of arm for different positions 
of the beam, but, since the counterpoise and Bnbstance to be weighed are 
both attached to the same hook on the fibre, tins cannot introduce any error 
into the weighings, which are in such a case independent of the length* 
of arm 

The method of weighing with this balance is as follows *— 

(a) The quantity of substance to be weighed does not exceed the total 
weight of air contained in the bulb In this case the pressure inBide the 
balance-case and the resting point having been taken with the scale-pan 
empty, the substance to be weighed is placed on the pan and the pressure 
adjusted until the same resting point ib obtained If w is the total weight 
of air contained m the bulb, which was filled at the pressure P, and P' 
represents the difference in pressure required to recover the original resting 
point, then the weight of the substance is u?P'/P. 

(I b ) The quantity of substanoe to be weighed exceeds the weight of air 
contained in the bulb 

In this case it is necessary to prepare one or more counterpoises which 
must he lighter than the original one, and must differ from each other by 
a known amount not exceeding w It is obvious that such counterpoises can 
be easily made, and their difference in weight determined with great accuracy 
by the above described method on the micro-balance itself 

With a series of such counterpoises, which take the place of a set of 
weights, quantities of any substance not exceeding in weight that of the 
heaviest counterpoise can lie weighed with an absolute accuracy equal to that 
with which the weight of air in 'the bulb can be ascertained, and with a 
relative accuracy depending on the capacity of the instrument for recovering 
its zero, and on the aoouracy with which the pressure oan be read. 

It has been found preferable to take the actual resting point of the 
balance rather titan to determine this from its oscillations. The oscillations 
of both types of micro-balance have been fopnd to damp rapidly, five to ten 
minutes being sufficient for the instruments to come to rest. The damping 
factor is nearly but not quite independent of the pressure, and is greeter for 
the point and plane suspension than for the rigid system, or for the beam 
with quarts fibre suspended system. 
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Behaviour of Micro-balanoe, Type B. 


' Figures will be quoted showing the behaviour of this balance both with 
point and plane suspension and with fibre suspension. 


Total weight of beam and suspended system 

Volume of bulb. 

Amount of air contained m bulb .. 

With point and plane attachment, time of swing 


0*93 gramme 
0 422 c e 

5 04 x 10" 4 gramme 
13 5 seconds. 


The following axe typical successive readings of pressure 
point — 

P as 72 2 mm. Resting point = 620. 


»uu 




Four readings after arresting the beam each time gave the same resting 
point 

The scale-pan and counterpoise were removed, aftei which 


P = 72 0 mm Resting point a 620 


The zero is therefore not disturbed by manipulations necessary in weighing. 
This has been repeatedly shown. The sensibility was such that a change of 
pressure of 3 3 mm caused a change m the resting point of nine scale-divisions, 
therefore, since a change in pressure of 1 mm represents a change in effective 


weight of 


5 04 x10- 4 
760 ‘ 


A change of resting point of one scale-division represents a change in weight 
of -—q X - - = 2 43 x 10 -7 , that is, less than one four-thousandth of a 


milligramme 

The volatility of quartz in the oxj -gas flame can be well shown by an 
instrument of this sensibility Thus before placing the counterpoise in the’ 
flame the readings were 


P W72-0 mm Resting point * 620 


After plaomg in the flame for less than one second, 

P as 64 7 mm. Resting point a 620 

Difference in pressure a 7 3* 

Loss in weight a - ^ ^ a 4 83 x 10 -a gramme. 


The loss in weight is relatively very considerable if the time of heating la 
slightly moreaaed; thus in a second experiment before heating the counter¬ 
poise 

P a 64 7 mm Resting point a 620. 
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After heating for two seconds, • 

p ss 413 mm Besting point = 620 . 

Therefore loss in weight = - — x * — - = 16*52 x 10 -# gramme 

The behaviour of the same balance with fibre suspension is shown by the 
following typical figures — 

Time of swing . .... 33 0 seconds 

Pressure . . .13 5 mm 

Besting point m five successive readings after arrestment 559 or 560 
each time 

Pressure ... ..... 6’0 nun 

Besting point m five readings after arrestment each time 688 
A change in pressure of 7*5 mm causes a change in resting point of 128 scale* 

5 04 x 10" 4 x 7 6 

•divisions, and the sensibililty is therefore- 76 O x f28 — =3 88 x 10~*. or 

less than one twenty-five thousandth of a milligramme 
That no appreciable ohange m weight is caused by the careful handling of 
the quartz scale-pan and counterpoise is shown by the recovery of the resting 
point after these had been removed and replaced, when 

P = 61 mm Besting point = 689 
Calculated resting point for this pressure = 690 

Of the micro-balances described in the foregoing pages, micro-balance A 
was designed some months ago with the object of measuring the loss in 
weight which radium Balts are supposed to undergo during disintegration 
If the generally accepted views as to the nature and magnitude of these 
changes are correct, the instrument is amply sensitive for the purpose , if 
greater sensitiveness is desirable it can easily be obtained by still further 
lightening the beam, or lengthening the tune of svging We had hoped 
to have been able to crucially test this question, but all our efforts to 
obtain a few milligrammes of radium bromide have been unsuccessful 
Although we have not yet given up hope of obtaining what we require, we 
have thought it better to publish a description of this balance as well as 
that of the less sensitive instrument which we have called Type B, as it 
seemed to us that many problems might present themselves to other investi¬ 
gators the solution of which might be materially assisted if suoh an 
instrument were available 
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The Effect of a Magnetic Field on the Electrical Conductivity 

of Flame. 

By Prof. H A. Wilson, F R.S., King’s College, London 
(Beoeived June 14,—Bead June 24,1900.) 

The following paper contains an account of Bome measurements of the 
change in the conductivity of a Bunsen flame produced by a magnetic field 
the direction of which was perpendicular to the current through the flame 
and to the motion of the flame gases. The velocity of the negative ions 
in the flame has been calculated from the results, and the value of the 
velocity obtained agrees approximately with that found by other methods 

The flame used consisted of a row ot 12 small Bunsen flames burning 
from quartz tubes. The centres of the tubes wore 1 cm apart, and each 
tube had an internal diameter of 0 5 cm Each flame was about 6 cm high, 
and the adjacent flames touched each other, so that a flame about 14 cm 
long, 6 cm high, and about 2 cm. thick was obtained. 

Two platinum disk electrodes were supported m the flame facing each 
other about 10 cm apart, and were connected through a galvanometer to a 
battei y of secondary cells Some potassium carbonate was put on the 
negative electrode to increase the current. 

The potential gradient along the flame was measured by means of two 
platinum wires which were supported horizontally in the flame perpendicular 
to the horizontal line joining the centres of the disk electrodes These 
wires were connected to an electrostatic multicellular voltmeter The 
capacity of the voltmeter was inci eased by connecting it to a ^ microfarad 
eondenser, and large amyl-alcohol resistances were put in the wires leading 
from the flame to the voltmeter This arrangement was adopted to prevent 
the s mall oscillations of the flame making the voltmeter needle unsteady. 
The flame was placed between the poles of a large Du Bois electromagnet, 
the conical pole pieces of which had been removed so that a fairly uniform 
field could be produoed in a horizontal direction perpendicular to the line 
joining the disk electrodes 

It was found that passing* a current through the magnet produoed a 
gradual change in the conductivity of the flame, whieh remained when the 
current was stopped This appeared to be due to the heating of the coils 
altering the draught of air to the flame In addition to this effect there 
was a sudden change in the conductivity on turning the magnetic field on or 
oft It was easy to disentangle the two effects, but only rattier rough 
measurements could be obtained. 
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The ratio of the potential difference between the two wires to the 
current was taken as a measure of the resistance of the flame. It has 
"been shown by several observers that this ratio is independent of the 
current. 

It was found that the percentage change in the resistance for a given 
magnetic field did not vary much with the current Two sets of observa¬ 
tions, one with potential differences between the platinum wires of from 
200 to 400 voltB and the other with from 50 to 150 volts, gave nearly 
equal results The distance between the platinum wires was 7 cm The 
results obtained are shown in the figure, the percentage change of resistance 
being plotted against the strength of the magnetic field. Each point 
represents the mean of several observations The crosses are the results 
obtained with the higher potentials and the circles those obtained with 
the lower It will be seen that with the field in one direction the resistance 
was increased by an amount increasing more rapidly than the field, whereas 
with the field in the opposite direction the resistance was diminished with 
small fields, but slightly increased with fields above about 4000. 



Owing to the upward motion of the flame gases there is an induced 
electric force along the flame which opposes the current when the fl?ld is on 
in one] direction and helps it with the field in the other direction If 
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therefore, we take the mean of the effects for the two directions of the 
magnetic fteld, we shall get the value of the effect whioh would have been 
obtained with the flame gases at rest 

The following table contains the values obtained in this way, using values 
taken off the curve •— 


Magnetic field 

(H) 

Percentage 
change of resistance 
(r) 

trim 

1000 

0 8 

8 Ok 10-1 


1 8 

8*2*10-7 

8000 

2*6 

8*9*10-7 


4*8 

8*0*10-7 

■ 

8*0 

S 2*10-7 


Mean 

8*1x10-? 


The last column contains the values of <r/H s , which do not differ much 
If it is assumed that the velocity of the positive ions in the flame is small 
compared with the velocity of the negative ions, then we may apply Sir 
J J Thomson's* theory of the effect of a magnetic field on the conductivity 
of metals to the flame According to the theory we have «r/100 as £H*£* 
where h denotes the velocity of the negative ions due to one electromagnetic 
unit of electric force Hence k = (3»/100H a )* = 9 6xl0 -# cm./sec For 
1 volt per centimetre this gives A* as 9600 cm./sec 
Mr E. Goldf measured the velocity of the negative ions in a Bunsen flame 
and found k as 8000 by one method and 13,000 by another. The result just 
obtained is nearly equal to the mean of his two results The velooity, of 
cohrse, must vary to some extent in different Bunsen flames. 

Half the difference between the effects with the magnetic field in the 
two directions gives the effect presumably due to the induced electric force m 
the flame The following table contains the values of this effect — 


Magneto field 
(H). 

Percentage 
change of resistance 
(») 

»/H 

1000 

1 7 

1 *7 x 10-“ 

8000 

8 1 

1 6*10-» 


4 8 

1 4 x 10"* 

4000 

6 4 

1*4x10-* 


7 4 

1 5xl0-» 


* ‘ Bapport* Oongrds International d* Pbywque, 1 Pane, 1800, voL 3, p. 144 
+ «Boy Boo Proc,,’ A, voL 78,1807 
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The last column shows that the effect is approximately proportional to 
the magnetic field, as was to be expected If v denotes the velocity of the 
flame gases, we should expect the induced electrio force to be equal to 
and hence 8/100 = vH/X, where X denotes the strength of the electric force 
along the flame. 

This was not less than 10 volts per centimetre, so that we get 
v s= X8/100H > 10 4 cm./sec 

Now the velocity of the gases m a Bunsen flame is not more than 
200 cm /sec, so that it appears that this effect is at least 50 times greater 
than was to be expected In fact, if it had had the value to be expected it 
would have been negligible, and the change of resistance would have been 
independent of the direction of the magnetic field 

It appears, theiefore, that the effect of the magnetic field on the resistance 
of the flame can be represented as the sum of two terms, one proportional 
to the square of the field and the other proportional to the field The first 
term has the value to be expected, but the other term is much too large 

The discrepancy would be removed if the negative ions moved upwards 
with a velocity proportional to the horizontal electric field and equal to 
10 4 cm /sec for 10 volts per centimetre, but there does not seem to be any 
reason for supposing that they do so If the two wires m the flame are 
connected to a quadrant electrometer the induced electric force m the flame, 
when no current is flowing, due to the upward motion of the flame gaseB in 
the magnetic field, can easily be measured, and it is approximately equal to 
the product of H and the velocity If H = 5000 and v = 200 the induced 
force is 0 01 volt per centimetre, whereas to explam the observed change in 
the resistance it would have to be 0*5 volt per centimetre for a field along 
the flame of 10 volts per centimetre 

I am not at present able to offer a satisfactory explanation of the magnitude 
of the part of the effect proportional to the field 

In conclusion, I wish to say that my thanks are due to Mr. O. H 
Martyn, B Sc., for his assistance in carrying out the experiments described. 
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Surface Flow in Colette. 

By G T. Bexlbt, F.R.S. 

(Received June 17,—Read June 24, 1909 ) 

Part I.— The Surface Skin produced by Polishing Cleavage Plates of Colette, 
with some Measurements of its Thickness 

The researches of Mr C. V. Barker on “ The Formation of Regular Growths 
of Crystals of ono Substance upon those of another”* have given a new 
interest to certain of my earlier observations on the formation and structure 
of polished surfaces f 

Mr. Barker having found that the method of polishing a cleavage face of 
calcite used by me m my original experiments did not interfere with the 
parallel growth of sodium nitrate crystals on the polished face, he invited me 
m February, 1906, to repeat his experiments on this particular point This I 
did, using my own crystals and methods of polishing These observations 
fully confirmed those of Mr Barker, for parallel growths were readily obtained, 
not merely on faces which had been lightly polished by gentle rubbing with 
clean soft chamois leather, but also on faces which had been polished by the 
more drastic processes of grinding and polishing with abrasive powders 

In a truly polished surface I have never been able to detect any traces of 
crystalline structure. The flowed layer on the surface is left with a smooth 
and glassy appearance like that of a varnish or enameL The greater solubility 
of ibis layer, as well as its greater hardness and homogeneity, indicates that 
an important oliange m its molecular structuie has occurred. I have sought 
to explain this change by the supposition that the crystalline orientation of 
the molecules is completely disturbed at the moment of flow and that the 
subsequent solidification occurs before the molecules have time to arrange 
themselves m conformity with the orientation of the undisturbed crystal 
The surface layer is thus left in an amorphous or vitreous condition. If 
these conclusions are oorreot, a very interesting question arises as to the 
nature of the influence of the calcite crystal in determining the parallel 
growth of sodium nitrate crystals on its surfaoe. If the molecules of the 
polished surfaoe are not themselves in the regular crystalline arrangement 
proper to calcite, the parallel growth of the nitrate crystals cannot be due to 
the influence of the calcium carbonate molecules with which they are in direct 

* * Chain. Soc, JournV 1906, voL 89, p, 1190 
t * Boy. Boo. Proa,' voL 79, p. 881. 

VOL IZZXXL—A. 2 8 
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contact, and the conclusion appears to be farced upon us that thq influence 
under which the nitrate molecules are oriented proceeds from the crystal as 
a whole, and that this influence is sufficiently strong to act across the dishnlbed 
layer which, has been produced by polishing. 

As a first step towards the solution of this problem, it appeared desirable 
that a more detailed and searching exploration of the layer developed by 
polishing should be made Having accumulated a good deal of practical 
experience in the exploration of surfaces by step-by-step etching or solution, 
I was satisfied that the method was capable of considerable development, and 
that it could be used in this case with a fair amount of confidence. 

In the method which was adopted, small drops of uniform size and 
containing known quantities of hydrochloric acid were placed on the polished 
surfaoe and were allowed to remain there till the aoid had dissolved all the 
oaloium carbonate it could take up The drop was then washed off first with 
water and then with absolute alcohol. The weight of the calcium carbonate 
removed was calculated on the assumption that the whole of the HC1 in the 
drop was converted into CaCl*. The density of the calcium carbonate was 
taken to be that of calcite—2*75—though it is probable that the density of 
the polished layer is considerably greater than this The area of the surfaoe 
acted on by the drop was measured, and from this the thickness of the layer 
dissolved by the acid was calculated. Microscopic examination showed that, 
with all but the most dilute solutions of acid, the amount of carbonate 
removed was fairly uniform over the whole area over which the drop spread. 
The strength of the acid used ranged from 0 2 to 0*000125 per cent. HOI; 
the weaker acids weie made directly by dilution from the stronger It was 
noticed that the more dilute adds lost a part of their solvent power if they 
were left standing overnight in glass flasks or bottles, the tests were there¬ 
fore always made with heshly prepared dilutions. It seems probable that 
the errors involved m this method all tend to cause the calculated effects of 
the removal of CaCO* to be m excess of the actual effects, the error being 
greater as the higher dilutions are reachod. This is of special interest in 
connection with the determination of the minimum depth of disturbance 
which could be detected by the microscope, as in this case the calculated 
thickness of the layer removed is practically certain to be a wiaximimn 
figure. Experiments were made by applying successive drops of acid to the 
same Bpot on the polished surface and some interesting observations were 
made in this way, but in the most complete series of experiments the drops 
of the different dilutions were placed on fresh parts of the surfaoe. The 
pits so produced were carefully explored by the microscope, using objectives 
of various resolving powers and with different means of illumination. 
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Photomicrographs of the pits were secured, bat these are reserved toe 
publication with a more detailed description of these observations. 

The etching was made in the first instance with solutions in a descending 
scale of acidity, thr series being pushed as quickly as possible towards the 
furthest point at whioh any visible alteration of the polished Burface could 
be detected. When a condensod beam of sunlight was UBed to give the 
• oblique illumination of the Burface, it was possible to detect the effect of 
a drop of acid which contained only 0*000126 per cent, of HC1 The depth 
of the layer removed by this drop did not exceed 0'62 pp (1 pp = 10~* mm ). 
This pit could be seen, though not very distinctly, by illuminating the spot 
by the critical image of a Nernst filament. Illumination by the nearly 
critical image of the sun showed the whole surface of the pit brilliantly 
spicular and of a*sky-blue colour A photo-micrograph of this was obtained. 
If it is correct to assume that the solvent effect of the acid was uniformly 
distributed over the whole surfaoe of the pit, then it follows that a roughen¬ 
ing of the surface not more than 2 molecules m depth lias been detected. 

The results of the step-by-step etching have been summarised in tabular 
form They show that the mechanical disturbance caused by the polishing 
agent penetrates to a depth of 500 to 1000 pp. At this depth the disturbance 
consists mainly of the deeper scratches or furrows which have been ploughed 
through the thin lamellte of which the crystal is built up. This ploughing 
has so completely flowed the crystalline substance that the scratches and 
furrows have been perfectly healed over and no traces of them are disclosed 
even when a powerful beam of light is thrown across the surface Tet the 
action of the solvent acid enables us to follow with the utmost minuteness 
the lines of disturbance and flow. As the surface is approached, the furrows 
are finer and more numerous till, at a distance of 100 pp from the surface, 
they disappear and the action of the solvent only discloses fine and shallow 
flow c lines similar to those whioh have been observed in the polishing of 
metals. In the 50 to 100 pp layer at the surface there is no trace even of 
the remains of broken-up lamella, and the appearance is absolutely vitreous 
and homogeneous, like a coating of varnish or enamel. 

Tasted by the loaded needle, (he surfaoe is harder and more tenacious than 
the original undisturbed face of the crystal. Thu greater hardness and 
tenacity became more evident as practical experience in polishing calotte 
was accumulated. It was found that the resistance of the surfaoe layer to 
the finer abrasives increased as the polishing proceeded. After a surface 
skin has been fully developed by polishing, it is able to resist the cutting 
action of the powders by which the surface had been satisfactorily ground 
at as earlier stage. It happens not infrequently that the polished surface is 

2 s 2 
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spoilt by accidental scratching just when it has reached the final stag& When 
this occurs, it is useless to attempt to repolish it by going back only a few 
* stages. In most cases there is no alternative but to dear off the whole Ada 
by grinding and to start again from the beginning. When dearing off this 
skin, one is made to realise how thoroughly its properties differ from those df 
the natural crystal surface 



Depth 
of layer in 

No of 

Illumination by an 

Illumination by 


HC1 

percent 

molecule# 

in 

intense incident 
beam at an angle of 

a slightly oblique 
beam of 

across 

the field 

MM 

thickness 

80° with the surface 

transmitted light 

0*000126 

0*62 

2 

Distinct sptoular &p- 

No risible structure 

A few aeoi* 




pe&ranre on a deep 

even with an objeo 

dental 




sky-blue ground 

tire df HA 0-95 
and inagmfiootion 
x 700 

ffflatehfs 

0*00026 

1 25 

4 

The same 

The same 


0 *0006 

2 50 

8 

Brilliant spicular 

The tome 

ii 

0 001 



appearance 

The same 


5*00 

16 

The same, but more 





distinctly granular 

View lines faintly 


0*002 

10 00 

82 

The same, oblong 
granular across the 
flow lines 

n 




visible 


0*005 

25 00 

80 

i The same j granules 

Flow lines more dis 

1* 




larger 

tmofc 


0*01 

50 00 

160 

The same 

The same, with 
granular texture 

Begular 
scratches 
appear 
Over 200 

0 02 

100 00 

820 

The same, spicular 
layer disappearing 

Scratches becoming 

0*05 



uncovered 

Over 100 

260*00 

800 

Spicular appearance 

Disturbance confined 




only on edge of 
scratches 

to scratches 


0*10 

500 00 

1 1600 

The same 

The same, but fewer 

About 80 





scratches 


0 2 

1000 00 

8200 

The same 

A few scratches in 

About 5 





the undisturbed 

lamella Their 





j 

sides partly 1 etched 
into rounded forms 
and partly broken 
and splintered 



The acidity of the solvent i# given m fractions of 1 per coat of HOI 
The depth of the layer is given in mp* 1 MM M 10~® millimetre 
The diameter of the CaCO* molecule in tal|en m approximately 0*3 mm* 


The increased hardness and tenacity of the surface skin is believed to be 
due to the same cause as the corresponding change, which my earlier 
observations have shown to occur m metals,* namely, to the sudden breaking 
down of the crystalline units into a mobile or liquid phase which immediately 
congeals into a vitreous or amorphous solid m which the capacity for further 

* 1 Phil Mag., August, 1904 
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flow is enormously reduced. In this new and bonder state molecular move* 
Depot of the surface still occurs on polishing, bat it is confined to a layer 
oxu^ a few molecules m depth, and the flow is so limited that surface 
scratches and irregularities are no longer obliterated by it The difficulty 
nt finishing off a oalcite surface with a really fine polish is very great, and u 
largely due to this cause, for the longer the surface is polished the lees 
^capable it becomes of flowing into a true liquid-like skin The most 
perfect surface microscopically is obtained when a perfectly fresh cleavage 
face is bghtly polished by the finger covered with soft chamois leather 

Part II ,—The Parallel Growth of Crystal* of Sodium Nitrate on Polished 

Plates of Calcite. 

The observations m Part I show that polishing develops over the crystal 
surface a true skin, the substance of which is in various respects profoundly 
different from tlio crystal substance from which it has been produced 
Whatever hypothesis may be put forward as to the intimate nature of this 
change of structure, there can be no doubt as to the reality of the change; 
There appears also to be no room for doubt that the liquid-like surface of 
the outermost layer of the skin, on which the perfection of the polish 
depends, is due to the fact that this layer hae passed through a liquid phase 
and has solidified under the influence of surface tension. There is abundant 
evidence to show that the aggregation of molecules at a surface can be so 
completely controlled by cohesion that crystalline orientation cannot occur 
On thiR profoundly altered skm, with its smooth liquid-like surface, it has 
been fouifd that the uystalline influence of the oalcite is stall sufficient to 
oause crystals of sodium nitrate to deposit in parallel order, that is with 
their molecules similarly onented to those of the calcite. 

It naturally ocomred to me to try whether the orienting influence oould 
make itself felt through layers of other indifferent substances. Films of 
gold and of platinum were deposited on cleavage plates of calotte, and 
on these parallel growths of sodium nitrate were still obtained But there 
was always the suspicion that these extremely thin metallic films were not 
really impervious, and that they might have become soaked with the nitrate 
solution, thqs forming a physical connection between the crystal surface and 
the crystallising salt 

More success attended the production of deposited layers of calcium 
carbonate and oxalate. When a drop of lime water ie placed on a calotte* 
surfao6 r in addition to the pelliole of carbonate which forms over its surface; 
a fine and fairly adherent layer of carbonate is deposited on the calcite. 1 
This, layer, is .translucent, and under high magnification it ib ' minutely- 
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granular; with care it can be polished till it becomes almost as transparent 
as the calcite itself. Films of various thicknesses were deposited wad 
polished, and were then tested with sodium nitrate for parallel growths. 
The results showed that films could be obtained of sufficient thickness 
absolutely to stop the parallel growths, but thinner and apparently equally 
perfect films were obtained which did not interfere with these growths. I hope 
to be able to determine the critical thickness of the deposited layer whioh is, 
just suffioient to cut off the orienting influence of the calcite. 

Conclusions 

1. The polished surface of a cleavage plate of calcite, even when illuminated 
by an intensg oblique beam, shows no traces of the grave disturbance to 
which it has been subjected by the operation of polishing. 

2. By the step-by*step removal of the surface layers by a solvent the 
nature and extent of the disturbance of these layers is disclosed, and it is 
found that ploughing and breaking of the lamelhe has occurred to a depth 
of from 500 to 1000 (ip. The oomplete obliteration of the traces of this 
disturbance referred to above (1) shows that the disturbed snbstance as 
it passed through the mobile to the solidified state must have extended 
through the whole depth of the disturbed layers, otherwise the healing of 
the deeper furrows would have been imperfect, and their traces would have 
been shown up by the oblique beam. 

3. The laying bare of the disturbed layers by the action of the solvent 
shows that thiB action is seleotive, the substance which has been flowed and 
solidified being first attacked. The molecular arrangement of the flowed 
substanoe must, therefore, be different from that of the original crystal. 

4 The surface layer formed by polishing is harder than the unaltered 
crystal surface, and it is equally hard in all directions, which the natural 
surface is not. The new surface forms a genuine protecting skis over the 
crystal face. 

5 . The pxesenoe of this protective skin does not interfere with the 
parallel growth of crystals of sodium nitrate on the polished surface. 
Among a large number of experiments with polished surfaces produced in 
a variety of ways no case occurred in whioh this parallel growth was 
prevented. 

6 . By the deposition and subsequent polishing of layers of non-crystalline 
calcium carbonate and oxalate on the already polished skin, a further skin 
was interposed between the true surface of the oaldte crystal and the 
deposited crystals of sodium nitrate. Up to a certain tlmfaiMt tfck did not 
interfere with the parallel deposition of the sodium nitrate crystals, bat 
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beyond this thickness the deposition was quite irregular and had no relation 
ta the orientation of the crystal beneath. 

most of these observations have been before me for folly three yean, 
during which period they have from time to time been repeated with any 
variations which appeared likely to put the questions involved to a more 
crucial test The most important of these questions is, can the directive 
> influence of a crystal make itself felt through a layer of unonented, or of 
differently oriented molecules ? So far as these observations go, the answer 
appears to be in the affirmative, and the sole reason for hesitating to accept 
this answer without reserve is that it will, if accepted, fundamentally affect 
our views of crystalline aggregation and the growth of crystals. The greatest 
caution ought, therefore, to be exercised in drawing a final conclusion in this 
sense. 

I hope to continue these observations and to extend them in other 
directions I should like here to acknowledge the kindness and courtesy of 
Prof, Miers and Mr C. V. Barker in making their original communications 
to me three years ago 
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On the Mechanism of the Absorption Spectra of Solution*. § 

By Robert A. Houstoun, M.A., Ph.D, D.Sc., Lecturer on Physioal Optics in 
the University of Glasgow. 

(Communicated by Prot A. Gray, F R.S Received June 26,1009 ) 

« 

On the theory of electrons the colour of bodies is explained in three ways: 
(1) The body is homogeneous and the electrons m it execute vibrations 
about their mean positions in the molecules. (2) The body is homogeneous 
and the electrons m it are free to move about from molecule to molecule as 
is the case with metals. (3) The body may oonsist of small spheres or 
grains of colouring matter embedded in a homogeneous transparent medium. 
We get an absorption spectrum with bands in it from (1) and (3), but not 
from (2) We can distinguish (3) from (1) by the polarised light scattered 
by the grains, the quantity of light scattered is, however, small in com¬ 
parison with the quantity absorbed in the grams. The granular structure 
is also revealed by ultramicroscopic examination This investigation is 
concerned only with (1) 

An absorption baud, then, corresponds to a principal oscillation of the 
moleoule or whatever system the absorption spectrum is characteristic of 
Let the principal co-ordinates of this system be gi, q»,...q% Then, when 
a light wave is being transmitted across the medium, if the motion is not 
damped, the typical equation of motion assumes the form 

«r?r+<y?V SB Q', (1) 

Q' being the resultant electric intensity at the point Q' is related to Q, 
the electric intensity of the light wave, by the relation 

Q' = Q+0P. (2) 

P being the polarisation and g a constant To take account of absorption 
mtroduoe the dissipation function, 

2F s= &n$ri*+&M08 a + . 

The typical equation thus becomes , 

Mr+&rljl+ &«■*!/»+. + b rr q T ,,.+ b rn q n +C& =s Q'. (3) 

Let the transmitted radiation be of the type <*** If, as is u s 0 *-!, we assume 
that the friction terms do not appreciably affect the periods, we may solve 
the other (w—1) equations on the assumption that the motion is 
and substitute the results above We obtain 

8l(Cl — a* Q' 0,0*) ss Q', 
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and on substituting 

% 


<*+U»-**)*+i35» .. +£^|= Q'. 


Thus 


fr = 


ofr—GAa - +dg»)] 

Cr—OrfP + brriB ™~~” 


(4) 




Let K be the specific inductive capacity of the medium. Then 

K = 1+4ttP/Q. (5) 

The polarisation must bo a linear function of the coordinates, therefore 


P =/i?i+/*£»••. +/»?*. 

Using (2), (5), and (6) and wnting for K, we ohtam 


( 6 ) 

(7) 


We shall now assume that we are dealing with a well-defined absorption 
band, one on each side of which there is a more or less transparent region 
We shall also assume that we are dealing with solutions and coloured glasses 
which transmit on appreciable amount of light, when a millimetre or two 
thick, even at the darkest point of the visible spectrum We can then 
negleot m comparison with V s and can also neglect the variation 

in v produced by the absorption band As the index of refraction of the 
solvents and glasses varies only 1 or 2 per cent throughout the visible 
spectrum, v may be considered constant throughout the absorption band 
The imaginary part of the left side of (7) is 

-2«/{v>X+(l-i)}’. 

If q r refer to the band under consideration, the only term on the right 
side of (7) which has an appreciable imaginary part is q r /Q'. Eewriting (4), 


Jr _ 1—iA _ (e, — a r 6 a )—Ai f r d—iA (c,—0,0*) 
Ov-ar^+^r* (cr-a^+ir,^ ' 

where 4 is a function of 0. Hence , 

where 0 is a oonstant given by 

Safer the discussion has been as general as possible. Assume, now, that 
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the band is due to a class of electrons vibrating about their mean, positions; 
assume, also, as Drude has it in his Optics, that this class of electrons 
is uninfluenced by any others in the field. Then A as 0 and C 4nnh, 
where N is the number of electrons of this class per unit volume. Let m be 
the mass of one of them and e its charge in electrostratio units. Then 
Or — m/e. | 

We may thus rewnbe (8) in the simpler form a 


=»' 2 vSebrr0j V +b„ a 8 a } 


An expression of this type has been used to represent absorption bands by 
Ketteler, Pfluger, the author, and others, the constants being chosen to fit 
the experimental results, and it has been found that the only term in it 
varying appreciably with 6 is the bracket in the denominator. We may 
therefore rewrite (9) 

k = 2wl febrAl* {(0—7 03 J +WW} . (10) 

where 0 a is the value of 0 at the maximum, 0 a being given by 0 a* = <ve/m. 

The maximum value of k, Jc, is given by * m 2v'SeJ(vb rt 0a). Let 61 be 
the value of 0 for which « has half its maximum value, then 


Substituting for e r , 


Hence 


(4-7 ±MW 


-j( 0 <?— 0 *) - ±b„ 0 v 
2wNe» 


Let U8 now substitute for 0a and $ u 2irv/X> and 2 irvf\ x , where v is the 
velocity and >o, Xj the wave-length of light tn vacuo. Then 

2 wvmv* (Xj*— \o*)' 

Express e in electromagnetic units and will disappear from the 
denominator. Also, since Xi does not differ much from Xs, we may write 

Xi a -V 2(Xi—Xo)‘ 

Henoe * = -—?$£££.—. 

4wm(Xi—X«) * ' 

Let p be the number of electrons per molecule of colouring matter 
belonging to the absorption band under consideration. Then H/y is the 



number of molecules per unit volume. Let e be the concentration of the 
solution in gramme-molecules per litre end let be the mass of an atom of 
hjferogen. Then c/(1000 m tt ) is also equal to the number of molecules of 
dissolved colouring matter per unit volume. Therefore 

y _ o 

p ~~ 1000 j»h * 

• Substituting for N from (11), we obtam 

££ = 4000 v v *™2<h=}s). (12) 

m e e Xo* 

If we substitute 9660 for e/wi H , this gives 

^ = 1300 (13) 

m c Xo* 

Formula (13) holds only on the very special assumptions made by Drude. 
Absorption bonds m general have not the simple shape demanded by Drude’s 
theory. I have, nevertheless, applied the formula to all the well-defined 
absotption bands on which I could get measurements. In view of our 
ignorance of the subject, any method that may throw light on the mechanism 
of absorption deserves to be followed up. 

There is a great diversity of ways for specifying the absorption of 
a solution, but this does not make muoh difference in applying the formula. 
If the tables give the fraction of the incident light transmitted by a power 
of 10 or e, Xi is the wave-length for which the index has half its maximum 
value. On the other hand, if the fraotion of the incident light transmitted 
is given directly, and I be its maximum value, Xi is the wave-length for 
which the fraction transmitted is In most cases we get a somewhat 
different result according as we take Xi on the red or violet side of the band, 
I have, as a rule, taken it on the red side, as that is generally better defined. 
Once Xx was chosen it was never altered, no matter what value of pt/m it 
gave. The following table (p. 610) gives some results. 

The measurements of Katz and Kalandek agree as well as can be 
expected in the case of eoain in water, but differ m the case of fuohsin in 
alcohol We cannot, however, be certain that the substance used was the 
same in each case. Some of Kata's results were not utilised as they 
promised nothing new. Zsigmondy's results are given in the form of curves 
and the numbers were taken from the curves. The cotouring matter exists in 
these glasses as an oxide or silicate, and apparently Garnett’s theory does not 
apply.* Pulfrioh does not state the strength of solution employed, and I 

* Proi. Zsigmondy informs me that he baa sot examined them uHnuwcroeoopicaUy, bat 
that it k to be assumed that they are optically homogeneous. 
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M to standardise his results by making a rough determination of tfm index at 
extinction for one wave-length. There ate no measurements available on the 
dtdymium salts, but pefm for their bands would probably have a low name; 
owing to their narrowness and the strength of the solution necessary to make 
them visible It is not possible to utilise the work that has been done on the 
ultra-violet absorption of organic substances as it is not quantitative 


Substance 


Bourn of data. 


Fuchsia m alcohol 
„ aniline 
Fhloxin in water 
Crystal violet in alcohol 
„ aniline 

Corallin in alcohol 
ii aniline 

Methylene blue in water 
„ aniline 

Water blue in water , , 

Eosln in water 

Eosm in water 
n alcohol 
„ turpentine 

Cyanine in alcohol 
i, ether 
ii chloroform , 

,i benzol , 

HexamethylporarosamUne in water 
i, n alcohol 

M ii chloroform 

Fuohsin in water 

n chloroform 
i, alcohol 

Pentemothylmonophenylpararosaniline in 
chloroform 

Pentaniethylmonophenylpurarosamlme in 
Water 

Fentnmoth} Imonopheuylpararosaiulme in 
alcohol 

Fentamethylmonophenylpanufosamluie in 
ether 

Fentamcthylmonophenylpararosaxuhne m 
benzol 

Cobalt chloride m water 
tfaanyl nitrate in water 


Three glasses coloured with CoO 

Two glasses coloured with Cr*0 8 
Three glasses coloured with NiO 


4-9 10 ? 


Stanlslaw Kalandeh, 
*Phyz Znt,* 

9 Jahrg ipp }28—1*5 


005 4 3 10? 

006 8 “6 10* 

008 I 7 10? 

598 1 *0 IQ 1 

020 8 4 10 s 


Georg J Katz, 
taug -dies Erlang 


iss Erlangen/ 4 
1898. 1 


,10 s ■ Houstoun and Russell, 
84 1 Roy Boo Edin Proc / 

76? rol 29, Fart II, p. 08 

10* 8 Zsigmondy, 

10 4 'Ann. d Phy*7(4), 
10* tol. 4, l901, p 00 


Potassium permanganate in water 


C. Pulfrioh, 
•WidLAim;/ 
toLl*,!*^ p.177 
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The value* of pejm obtained for the amlin colouring matters, when 
dissolved in water, alcohol, or chloroform, are very striking, since the ratio of 
the charge to the mass of an electron is about 1‘8 x 10 T . We are evidently 
dealing here with electrons, and Drude’s assumptions are not far wrong When 
the solvent 1* benzol or other, the values of pefm are considerably lower 
This raises the question whether the colouring matter ib not in colloid 
^solution In these cases. We have no observations to go upon, but in this 
connection a paper by Dr Sheppard* is interesting It may be noticed 
that a calculation made by Drude from the dispersion of solid cyanine gave 
pe/m as 8 5 x 10* for its absorption band. 

The values of pefm obtained for the inorganic salts suggest ions, though 
here potassium permanganate is difficult to place Probably, though, we 
shall have to fall back on the more general theory and possibly also take 
account of the scattering of light by granules. 

In conclusion, I should like to acknowledge my indebtedness to 
Prof. Larmor for the benefit of his criticism 

* 8. E Sheppard, "On the Influence of their State in Solution on the Absorption 
Spectra of Dissolved Dyee,” ‘Roy Sol Proc.,’ May, 1900 
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On the Absorption of Homogeneous fl-Rays by Matter, and on She 
Variation of the Absorption of the Rays with Velocity. 

By W. Wilson, M.8c., Hatfield Scholar of the University of Manchester. 

(Communicated by Prof E Rutherford, F R S. Received June 19,—Read 

June 24, 1909.) * 

The present work was undertaken with a view to establishing, if possible, 
the connection between the absorption and velocity of the /8-rays. So for, 
no actual experiments have been performed on this subject, but Schmidt* 
has determined the velocity of the rays emitted by radium E and uranium X. 
These have absorption constants of 40 cm. -1 and 14 cm. -1 , and their 
velocities, assuming the Lorentz formula for the variation of e/m with 
velocity of an electron, are 2 31 and 2 76 x 10 10 cm. per sec. respectively. 
The matter has been attacked theoretically by Sir J J. Thomson.t He 
deduces a formula connecting the " diffusion ” coefficient of absorption with 
the velocity, and finds that the variation takes place inversely as the fourth 
power of the velocity. 

SeitzJ has made a senes of expenments on the number of cathode particles 
passing through thin sheets of matter, and finds the coefficient of absorption 
to vary inversely as aifi—bv*, where a and 6 are constants and v the velocity 
of the electrons. 

It has been generally assumed that a beam of homogeneous rays is 
absorbed according to an exponential law, and the fact that this law holds 
for the rays from uranium X, actinium, and radium E has been taken as a 
criterion of their homogeneity § 

This assumption ib open to many objections, for the exponential law inay 
be due to rays of different typos being mixed m certain propor ti ons. If the 
distribution of the rays and their velocity do not ohange in pa—lug through 
matter, and if the absorption of the particles is proportional to the number 
present, we should expect an exponential law of absorption, but if their 
speed diminishes, the absorption should be greater the greater the thickness 
of matter traversed 

In the present expenments radium) which has been shown by Eaufmann|t 

* Schmidt, 'Fhya Kelt,’ 1807, p. 861 

+ Sir J J. Thomson, ‘Conduction of Electricity through Oases,' tod edition, p, 876. 

t Seitz, ‘ Annalen der Phyaik,’ vol IS, p 860,1908. 

§ Hahn and Meitner, ‘Phya. Zeit.,’ 1908, p. 3S1. 

|| Eaufmann, ‘Gtttt Nadir,’ 1903, p 90. 
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to emit /9-rays with velocities ranging between very wide limits, was need aa 
e source of radiation, and by means of a magnetic field /9-parbdes of different 
velocity were separated out and their absorption measured. Without 
entering at present into further details, it can be stated that the ionisation 
did not vary exponentially with the thiokness of matter traversed, but, 
except for a small portion at the end of the curve, followed approximately a 
linear law. 

The following experiments deal with this question and with the variation 
of the absorption of the /9-rays with velocity. 


Experimental Arrangement. 


The general arrangement of the apparatus finally used is shown in 
figs. 1 and 2. 




Fio 2. 


A lead blook A, containing a hole C, 0 8 cm m diameter, rested on the 
pole-pieces B of an electromagnet. In C was placed a glass tube containing 
about SO milligrammes radium bromide. The preparation of radium 
employed was of about 7 per <fent. purity, and it was found that most of 
the /9-partides were absorbed before getting out of the active matter itself, 
so in the later experiments a corresponding quantity of radium emanation in 
equilibrium with its produots, contained in a thin-walled bulb blown on the 
end of a capillary tube, was used as a source of radiation. 

The chief experimental difficulty was the presence of a large y-ray 
effect which, when the radium was used, often amounted to as much as 
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60 per cent, of the whole ionisation in the electroscope. To get the 
ionisation due to the /9-rays alone this Itad to be subtracted from eaoh 
reading of the ionisation, and the results consequently suffered in aoottxiey, 
especially when a few layers of absorbing material had been added, end 
the whole effect had tieoome only slightly greater than that due to the 
7 -rays alone. 

By the use of the emanation this effect was much reduced, and the 
accuracy of the results thereby greatly increased With the arrangement 
shown m fig. 2 the 7 -ray effect was not more than 20 per cent, of the whole, 
even for rays of very high or veiy low velocity. 

The apparatus was arranged so that the rays could pass m a fairly well- 
defined beam into the magnetic field, Whieh was perpendicular to the plane 
of the diagram. The field was found to be practically uniform, and the 
rays described circular paths and entered the small electroscope £ through 
a hole 1 2 cm diameter 111 a lead plate F The distance from this hole to 
the hole from which the /9-raye emerge it 3 9 cm, and from these data 
the curvature of the path of the rays could be determined. The radii of 
curvature for the arrangements shown in figs. 1 and 2 were 2*1 and 40 cm. 
respectively 

The electroscope was raised a little from the lead plate F, so that eheets 
of metal could be inserted in the path of the rays directly under the 
electroscope, and the variation of the ionisation with increasing thickness of 
matter determined The field was measured by means of a Graasot 
fluxmeter, and also by comparing the induction through a small coil, whose 
neoessary dimensions wore known, when placed w the field, with a known 
induction The two lesults were identical 

By pushing lead plates into the field at different distances from the 1 h m m> 
of tho electroscope it was found that the rays were not scattered mtioh in 
passing through the air, and that their paths were circles determined from 
the geometrical shape of the apparatus. 

In order to reduce as much as possible the amount of scattered 
/ 9 -radiatiou which enters the electroscope, and also to ensure a greater purity 
of the rays used, lead screens were placed as shown at MMM These, it will 
be seen, will from their pisitions very effectively cut out rays reflected from 
the pole-pieces, etc 

In addition to these reflected rays there is a large amount of secondary 
radiation set up by the 7 -rays The effects due to this cause were 
eliminated as follows. After every reading of (he ionisation in the electro¬ 
scope a lead plate of sufficient thickness to absorb all the / 9 -rays which fell 
on it was pushed into the slot T and prevented any / 3 ?raya from the 
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magnetic fjpld. At the same tune it was so thin that the 7 -ray effect on the 
polo-pieces, etc, was practically unaltered In the eeoond type of apparatus 
c&ib had to be taken to place the slot m such a position that the lead plate 
did not come in the direct path between the radium and the electroscope 
The value of the ionisation now found in the electroscope gives the amount 
to be deducted for both direct and secondary 7 -radiation A certain amount 
gt secondary y 9 -radiation is sot up m the screen itself by the 7 -rays, but since 
only that portion of this reaches the electroscope which has exactly the 
same properties as the rays we are considering, it will not affect the results. 

The procedure in making an experiment was as follows The field was 
adjusted to the right strength, and the ionisation m the electroscope 
measured A reading was then taken with the lead plate m position, 
and the ionisation thus found subtracted from tho previous reading This 
was repeated for every layer of absorbing material which was placed under 
the electroscope 

Form of Absorption Curves 

As stated before, the ionisation in the electroscope was found not to fall 
off, according to an exponential law, with the thickness of matter traversed, 
but more rapidly tho greater the distance penetrated For the rays of 
higher velocity the relation was linear, except when the radiation had been 
cut down to a large extent, when it fell off more slowly with increasing 
thicknesses of matter 

Curves showing the absorption of tlio rays for some different velocities are 
shown m fig. 3 and in fig 4. In the latter, the logarithm of the ionisation is 
plotted against the thickness of matter traversed This brings out the 
difference between the law of absorption found and the exponential law 
more strongly For the very easily absorbed rays the linear law was not so 
strongly marked, and the reason for this will bo discussed later 

BdiaM/Uy of the Experiments 

Experiments were then performed to determine whether the offeot 
observed is really a property of the rayB or due to the experimental 
conditions 

Three causes which might possibly mjlaenco the absorption curves are — 

1 Lack of saturation of the ionisation current. 

2 The shape and size of the electroscope and of the opening by which the 
rays enter 

3 The proximity of the magnetic field to the electroscope, which might 
cause irregularities by bonding the rays inside it 

VOL. lxxxji — a. 2 T 
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The firat of these was tested for by comparing the time taken for the gold 
leaf to go over two widely different portions of the scale for various vdues 
of ionisation. If the ratio remains constant it is a proof of saturation. * 
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Saturation was found to be complete A further test which fully confirms 
the^pther was made by measuring the absorption curves for the same type of 
rays, the strength of the sources being in the ratio of about one to eight 
The two curves were identical 

The second point was tested for by placing a tray containing a preparation 
of actinium under the electroscope and determining the absorption of the 
JB-rays emitted by it It was found to be an exponential law with the 
coefficient of absorption 30 cm _1 , which is the value obtained when measured 
m the ordinary way 

A magnetic field was then applied to test the third point, and the same 
law of absorption still held good A small amount of radium emanation in 
equilibrium with its products was also placed under the electroscope and no 
difference in the absorption curves for the /9-rays emitted by it resulted 
when a magnetic field was applied 

Further, the absorption curves obtained, using the two types of apparatus 
shown in ftg3 1 and 2, are practically the same, although the magnetic field 
required to defioct the same type of rays into the electroscope is much 
greater in the first place than m the Becond 

It also scorned possible that the effect might bo due to the rays striking 
the absorbing screen at right angles and becoming more and more scattered 
as they penetrate the matter This would cause their path to become more 
tortuous and the rate of absorption would bo thereby increased. That this 
is not the case was seen by allowing a practically parallel beam of actinium 
rays to fall normally on a screen placed nnder a larger electroscope, when the 
absorption still took place according to the general exponential law found for 
these rays. 


Variation of Absorption with Velocity 

We have seen that the absorption of homogeneous /9-rays, when measured 
by the ionisation, takes place according to a linear law Hie relation 
between ionisation and thiokness of matter traversed is given by 
I sa k(a—as), where a is the thickness of matter for which the ionisation 
would become zero if the law were rigorously true, and ha the initial 
ionisation a determines the rate of absorption of the rays and is a constant 
for rays of a given velocity. Absorption curves were determined for rays of 
different velocities, using aluminium, copper, and tm aa absorbing substances 
The values obtained for the variation of a for aluminium with velocity are 
given m Table I. The velocity was calculated from the value of magnetic 
field x radius of curvature of the rays by means of the formula HR a mvfe, 
where H ib the strength of the field and R,the radius of curvature of the rays. 



618 


Mr W Wilson On the Absorption of [June 19, 
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ejm ib determined by means of the Lorents formula, ~ m — ^1—, where 

r is the velocity of light and e/m the ratio of the charge to the mass of the 
electron for low velocities The value of e/m^ is 174 x 10 T electromagnetic units. 

If we define the absorption coefficient as X, where tfl * —XI dx y I being the 
ionisation and x the thickness of matter traversed, we obtain from our 

previous equation # 

Jc ss i 

The initial value of X is therefore a*** 1 With this law of absorption X is not 
constant, but increases as the thickness of matter traversed by the rays is 
increased The values of the initial value of X are given m the fourth column 
of Table L The values of a are plotted against HE and velocity in figs. 5 
and 6 respectively, and in fig 7 the initial values of X are plotted against HE 
On account of the very complicated nature of the effects influencing the 
determinations of the absorption coefficients, it is not probable that any 
simple expression can be obtained connecting the values of a or X with the 
velocity Between velocities 21 and 2 9 x 10™ cm pei sec the following 
relation gives a very good agreement— 

a = 5-5 (S~l500)l0-* 

for aluminium aa absorbing substance, whero a is expressed in millimetres. 

For copper the equation is 

a = 12^-1000)l0-* 

Table I 


B 

HR 

V 

a 

A 

am 

Ghtuss cm. 

10 10 cm. 

mm 

cm "> 

4 0 

1810 

1 79 

0 14 

71 6 


1800 

2 20 

0 26 

88*5 


2700 

2 646 

two 

14 8 


8800 

2 74 

1 82 

7*0 


4460 

2 796 

1*67 

0-0 


6800 

2 866 

2 08 

4*81 


0860 

2 880 • 

2*64 

8 70 


8000 

2 020 

3 29 

8*04 


8680 

2*930 

4*09 

244 

2'1 

8960 

• 2*987 

4 09 

2 18 

980 

1 46 

0*095 

106*0 


1820 

2 19 

0*286 

42 6 


2100 

2 85 

0 86 

28 6 


2040 

2 616 

0*636 

18*7 


8800 

2 665 

0*96 

10 4 


4800 

2*782 

1 28 

8 86 


6190 

2*844 

2*00 

6-00 


6490 

2*869 

2*12 

4 17 
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Iti Table II the values of a for different velocities of rays when copper end 
tin were used as the absorbing media are given. The linear law of absorption 


//V MM 
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does not appear to hold so well for these substances as for aluminium, bat 
the departure from the exponential law is still very great. Foi copper, fayly 
dofimte values of a could he obtained, but with tin the values are only 
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approximate. The indeterminate character of the curves obtained for tin is 
very likely connected with the secondary radiation from it, os peculiarities 
in this conueotion have been noted by all other observers who have worked 
on this type of experiment 


Ionisation in arbitrary units 
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It wilUbe interesting to consider the effect of the density of the absorbing 
substance on the absorption curves, but more experiments will have to be 
plrformed before anything definite can bo said on this point 

Table II 


HE 

a in nun. 

Tin 

Copper 

I860 

0 180 

0 X16 

8X80 

0 870 

0 275 

4400 

0 026 

0 480 

6850 

0 776 

0*700 

8670 

0 040 

0*886 


The values of a given for copper m Table II are plotted m fig 8 against 
the values of HE. 



Explanation of the. ExjmnentuU Law found by varum Observers for the 
Absorption of Bays from Radw-mtwe Substances 
Before entering into a discussion as to the meaning of the absorption curves 
obtained, it is preferable to try to expl&iu why vanous observers have found 
that the rays from uranium X, radium E, and actinium are absorbed accord¬ 
ing to an exponential law with the thickness of matter traversed. 
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The fact that homogeneous lays are not absoibed according to an 
exponential law suggests that the rays from these substances are hetero¬ 
geneous Now, Schmidt* gives a curve which to some extent shows the 
manner in which the rays from uranium are distributed about their mean 
velocity Using a similar arrangement to the author, he obtains a curve, 
shown in fig 9 (a), m which the ionisation in the electroscope is given for 
different field strengths , 

The area of tlus curve, then, represents the ionisation we <rould get in the 
electroscope if all the lays of all velocities from the uranium were allowed 
to enter together, instead of being deflected into the electroscope separately 
by the magnetic field. 

From the absorption curves we liave found we can determine the amount 
by which the rays corresponding to each separate portion of the curve are 
absorbed, and so can build up a similar curve for the rays after passing 
through any thickness of matter. Curve b , fig. 9, is a specimen curve 
obtained m this manner, showing the distribution of ionisation with magnetic 



Fio 9 

field after the rays have passed through 0 6 mm of aluminium The more 
slowly moving rayB are completely absorbed, while the ionisation due to the 
more rapid particles has only decreased by ft small amount The areas of 
such curves give us the ionisation we would get m the electroscope if all the 
/8-rays from the uranium were allowed to enter it together after passing 
through the corresponding thickness of aluminium 
In Table III are given the areas found in the above manner for curves 
drawn for many different thicknesses of aluminium 

* Schmidt, * Phya, Ze it,' Janosty 1,1909 
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Table III. 


Thickness of aluminium 
m nuu. traversed 

Area m arbitrary 
units 

Log of area to 
base 10 

0 

746 

2 878 

1 

668 

2 ‘818 

2 

656 

2 746 

4 

487 

2 640 

a 

341 

2 688 

8 

262 

2 418 

10 

204 

2 810 

32 

168 

2 100 

14 

121 

2*082 

10 

00 

1*064 I 

20 

55 

1740 


The values given in this table are plotted in fig 10, and it will be seen 
that the curve is an exact exponential whose absorption coefficient is 



13'1 cm. -1 , a value not very different from that observed for the /8-iays of 
uranium by liutherford, 137, and Schnndt, 14. The curve extends over 
quite a wide range, the final area being about one-thirteenth of the initial 
one. It is thus dear that the exponential curve for absorption of rays is 
not, as has been widely assumed, a test of their homogeneity, but that in order 
that the exponential law of absorption should hold, wo require a mixture 
von. lxxxu.—a. 2 u 
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of rays of different types This view of the subject is strongly cohfirmed by 
some recent experiments of Soddy,* who finds that the rays from vnu^UD 
are heterogeneous, some having velocities which correspond to HR >** 6500. 
The mean velocity according to Schmidtf is that corresponding to 
HR a* 4110 Gauss cm 

We have seen that for any special velocity of rays the ionisation due to 
them after passing through a thickness ot matter ,r is given by t = L(a—p), 
where a determines the rato of absoiption, and is fixed by the velocity of the 
rays, while La is determined liy the initial value of the ionisation 

If wo now assume that the numbers of the particles m a heterogeneous 
beam are distributed with legard to a m such a manner that the ionisation 
due to the rays of ouch paitieulat velocity is af (a), the ionisation due to them 
after passing thiough a tluckuess of matter is given by 

i = f(a) (a—jb) 

The loniHation due to the whole number of pa l tides entering the eloctio- 
scope together would lie 

I = | f(a) (a —a) do 

Now if I decreases with j according to au exponential law, we have 

T — l(,f ""** = j /(«)(«— a.) da 

From this equation we obtain f(a) ss , or of {a), winch gives the 

initial ionisation for each different velocity of rays, is Xal«e _ *“ 

This is somewhat of the same tj pe as the distribution of velocities used m 
problems on the kinetic theory of gases, but differs from it in the power to 
whioh e is raised It has a maximum when a = V 1 

We thus see that it is possible to obtain a heterogeneous beam of particles, 
of whioh the difieient types of rays are absorbed according to a linear law, 
but the absoiption of the whole beam takes place according to an exact 
exponential law. 

Methanunn of the Absorption of the fi-Rays. 

There are two ways in which the absorption of a beam of particles can 
take place In one the particles lose 1 energy as they pass through matter and 
finally cease to be efteotive as ionising agents This has been shown to be 
the manner in whioh the absorption of the «-rays takes place In tbe other 
the particles are stopped m mid career while their velocity is still high, and 

* Soddy, * Le Radium,’ February, 1900 
t Lot eit 
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Schmidt* * * § and MoCleiland and Hackettf have with considerable success worked 
o|t a theory in which particles are assumed to pass through matter with 
a constant velocity, a sudden stopping of a certain proportion of tho Tays 
taking place m each thin layer of the matter. This view has received 
considerable support from some experiments of Makower^ who, by measuring 
the actual number of the ^-particles from radium getting through various 
thicknesses of matter, has shown that this number vanes in exactly the same 
manner as the ionisation 

Sir J J Thomson has considered the question fiom a theorotical stand¬ 
point and finds that if the absorption is due to scattoixng and stopping alone, 
the law it follows should be exponential with the thickness of matter 
traversod 

Crowtherg finds that scattering is “ complete ” after the rays have passed 
through very small thicknesses of mat lei, and Hahn and L Moitnoi have 
shown that when a paiallel beam of the ^8-rays from actinium stukes tho 
absorbing screen perpondiculaxly there is only a slight deviation iiom the 
exponential law of absorption 

These experiments are against tho view that the increase of the absoiption 
coefficient for greater thicknesses of matter which wo have found is due to 
the rays striking the absoibmg scieen normally and becoming moie and 
moio scattered as they pass through the matter 


Change of the Vdodty of the Rays in passing through Matter 

SchmidtH has also attacked this problem, using as a souice of radiation the 
lays from radium E He deflected the iayB in a similar mannei to that 
described above into an electroscope by means of a magnetic field and 
obtained a curve connecting ionisation in the electroscope and strength of 
held From the strength of held for which the ionisation was a maximum lie 
deduced the velocity of tho rays, and found that the position of tho 
maximum point did not alter if he allowed tho rays to pass through different 
thicknesses of aluminium before entering tho magnetic field From this he 
concluded that the velocity the rays does not change appreciably in 
passing through matter The absorption curves obtained m my experiments, 
however, suggest that the velocity o! the rays decreases with thickness of 

* Schmidt, * Jahr, der Bad 1908 , and ' Aim. dor Physik,’ 1907, vol 23, p 671 

t McClelland and Hackett, * Roy Soc. DubL Trans., voL 9, No 4,1907 

| Makower, ‘Phil Mag,' January, 1909. 

§ Crowther, * Roy Soc. ProcA, p 308, 1908 
j| Schmidt, ‘Fhys Zetfe,* June, 1907 
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matter traversed and farther experiments on this point were ^ax&de as 
follows — 


In hg 11, carve a, it shown the connection between ionisation and the 
electroscope and strength of field when a certain preparation of radium is 
used as a source of radiation As in the case of the uranium rays (fig 9), we 
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can determine the shape of this curve after the rays have passed through 
various thicknesses of matter Curves shown at b and c for the rays after 
passing through 0 489 and 1219 mm of aluminium were obtained 
oxpenmentally by'varying the field while sheets of alumuunm of a given 
thickness were placed wider the cleetroecqpe The rays from the radium were 
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then allowed to pass through screens of these thicknesses placed at J (fig 2 ) 
before entering the magnetic field. 

olf the particles do not decrease in velocity in passing through the matter, 
the ourves obtained in this case connecting ionisation with strength of 
magnetic field should fall on b and c If the velocity decreases, however, 
they should fall to the left of these This was found to be the case, the 
curves being shown in the figure at d and e, and (he particles therefore 
decrease in velocity as they pass through the matter 

The velocity is found from the position of the maxima to fall from 
2 78 x 10 10 cm per sec to 2 60 x 10 w cm per sec while the rayB passed 
through 0 489 mm. of aluminium, and from 2 865 x 10 10 cm per sec to 
2*69 x 10 10 cm per sec. while they pass through 1*219 mm. 

This experiment also explains why the experiments of Schmidt apparently 
show no change in the velocity of the rayB. According to the views 
expressed in this paper he was dealing with heterogeneous rays and the 
position ot the maximum should therefore move to the higher fields if the 
velocity of the rays does not change The actual deciease in velocity, 
however, brings the maximum point back to practically the same position as 
More 

Demotion from the Linear Law 

The bending away of the final portions of the absorption ourves from the 
stiaight line may be due to three causes — 

1 The size of the hole from which the / 9 -rays emerge, and by which they 
enter the electroscope, makes the beam of rays used in these experiments not 
quite homogeneous This would cause the more rapidly moving rays to 
become relatively more and more important as the rayB traverse the matter, 
and a departure from the straight line should therefore be observed Experi¬ 
ments made without the screens MMM (figs 1 and 2 ) give ourves which 
depart earlier from the straight line The rays in this case are more hetero¬ 
geneous, and this is what we should expect 

2 The 7 -ray effeot, which has to be subtracted from each reading ot the 
ionisation, also increases relatively in importance as the rays penetrate xnattci, 
and its exact value is very hard to determine If its effect were taken Blightly 
too small it would produce a deviation from the linear law, in the direction 
observed 

8 . As Sir J J Thomson points out m " Conduction of Electricity through 
Oases,*' p 878, the mechamsm of the absorption is not the same for the slow 
rays which cannot penetrate the atom and rapid ones which can do so The 
departure from the law may be due to this cause, and also to changes in the 
ionisation produced by the rays on aooount of their demease in velocity 
vOl lxxxil—a 2 x 
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4 It is very probable that if we start with quite h om oge n eous ray, after 
they have passed through matter they will become heterogeneous owing tothe 
velocity of each separate particle not being altered by the same amount. $ 

The fact that the absorption curves for low velocities do not show the 
linear law so strongly marked as those of high velocities is very likely in .port 
due to the greater heterogeneity of the rays, but there is also a great likeli¬ 
hood that this law would not even hold for pure slow rayB The law depends 
on a variety of conditions which require for their full consideration date 
not yet acquired, and it is more titan likely that the conditions change very 
much with the velocity of the rays, and the linear law ptopounded can only 
be regarded as approximate 


Conclusions 

The results obtained in this paper can be summed up as follows — 

1 The absorption by mattei of homogeneous /9-rays does not take place 
according to an exponential law, when measured by the ionisation, but 
according to a law which is practically hrieai 

2 The rays emitted by such substances as uranium X, radium E, and 
actinium are heterogeneous, and groups of rays can be built up which repre¬ 
sent their properties with respeot to absorption 

3 The /8-rays decrease in velocity in passing through mattei. 

4 The variation of the absoiption of the /8-rays with velocity has been 
determined experimentally, but does not appear to follow any simple law 

I wish to thank Prof Buthertord for suggesting the subject of this 
research, and for his gieal help and encouragemeut during its progress 
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JOHN KEEK, 1824—1907 

Db. John Kerr was bom on December 17,1824, at Ardrosaan, in Ayrshire. 
In the Album of the University of Glasgow for 1841, the year of hia matn- 
• dilation, he is described as “ Joannes Kerr films natu secundus Thomcc piscanx 
tn opptdo Ardrossan ” His father, Thomas Kerr, seems to have removed to 
Skye when his son was yet very young, for the boy received part of his early 
education at a village school in that island 

His attendance at University classes extended over the years from 1841 to 
1849 He obtained prizes m Natural Philosophy in 1845-6, when the class 
was taught, during the illness of Prof Meikleliam, by David Thomson, who 
afterwards became Professor of Natural Philosophy in Aberdeen. In the 
following year—the first of William Thomson's professorship—Kerr appears 
to have devoted himself specially, no doubt under the influence of the new 
professor, to the study of the mathematical theories of magnetism and 
electricity In the four years from 1846 to 1849 he received special prizes 
for examinations and essays in these subjects, and the “Sail of Eglmton’s 
Prize of Twenty Sovereigns” as the most distinguished student in mathe¬ 
matics and natural philosophy for the degree of MA In 1849 he graduated 
with “ Highest Distinction in Physical Science," and his University career 
came to a conclusion 

In 1848 and 1849 Prof Thomson was converting the old “ professorial 
wine-cellar ” into a physical laboratory, the first in Great Britain, probably in 
the world, and Kerr was one of the earliest members of the experimental corps 
who did pioneer work in the murky seclusion of what was known among the 
students of the time as the “ coal-hole "' He was a divinity student, and, 
like some others of his class, did excellent scientific work, indeed, as Thomson 
declared m his Bangor Address m 1885, among the divinity students of the 
time were some of the best researchers, and they became all the bettei clergy¬ 
men for having seen something of scientific methods and handled scientific 
instruments. 

After some time spent in teaching, for he does not seem to have assumed 
officially the clenoal duties for which he qualified, Kerr was appointed in 
1857 to the post of lecturer in Mathematics in the Glasgow Free Church 
Training College for Teachers * In that institution he set up a small labora¬ 
tory, modestly provided with apparatus, to a great extent at his own expense, 
and there he spent such time as hi could spare from his class work in 
oarrying on phyeioal researches, aided, like Thomson himself, by a few 
devoted students He retained his post for forty-four years, and retired in 
1901 to spend the remaining six years of his life among his instruments, 
working out special points connected with his optical researches. 

His old students on that occasion showed their gratitude to him for bis 

i 2 
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teaching, and their respect for his achievements and the fine qualities of mind 
and heart which had endeared him to them as a fhend as well as a master by 
presenting him with some Bilver plate. t 

Kerr wrote one book only, but within its scope and purpose it was a very 
good one. It was entitled ‘An Elementary Treatise on national Mechanics/ 
and no doubt represented to a considerable extent suoh a view of the subject 
as a mature student, who had passed through the classes of Thomson, would 
naturally take Proofs attributed to Thomson appear in one or two places 
and the book contains, like Thomson and Taitfs * Natural Philosophy/ which 
appeared a year later, a chapter on “ Cinematics” It adheres, however, to 
the old division of the subject uito statics and dynamics, and therefore opens 
with a dueussion of statics, in which the parallelogram of forces is proved by 
the old and little satisfying statical considerations. The dynamical (kinetic) 
part is based on Newton’s Laws of Motion, a return to which was a feature of 
the ‘ Natural Philosophy ’, but it does not include the extension of the third 
law to the modern theory of energy, which, as Thomson and Tait first pointed 
out, is contained m the Prmcipia. It would appear probable, therefore, that 
this view of the third law had not formed part of Thomson’s teaching at the 
period when Kerr was a student On the whole the ‘ Rational Mechanics/ if 
revised and extended in some places and abridged in others, would form a 
sound introduction to the Btudy of dynamics for the students of the present 
day 

Kerr’s name will, however, be always associated with his two great dis¬ 
coveries the birefringence developed in glass and other insulators when 
placed in an intense electric field, and the change produced in polarised light 
by its reflection from the polished pole of a magnet. Led by the view already 
experimentally verified in various ways, that the Faraday lmes of induction 
in an insulating medium correspond to some marked physical change in the 
medium, he set to work to discover whether this change had any optical effeot 
Taking a plate of glass about two inches thick, he bored holes from its ends 
until their extremities were within about a quarter of an inch of meeting. In 
these he inserted the terminals of the secondary circuit of an induction coil 
When the coil was in action, the intervening glass was subjected to intense 
strain. A beam of light, plane polarised by a Nmol's pnsrn, was sent across 
the glass, at right angles to the line joining the terminals, and received on the 
other side by an analysing Nicol, arranged so as to give extinction of the beam 
when the glass was free from strain. Soon after the coil was excited, the 
light was seen to pass through the analysing Nicol, and to have become ellip- 
tically polarised. The maximum effect was produced when the wave-front 
of the incident light was arranged, ah just described, to be parallel to the 
Faraday lines in the glass, and to have its plane of polarisation inclined to 
them at an angle of 45° Midway between these two positions of the plane 
of polarisation, that is when that plane was parallel to the lines of force, or at 
right angles to them, no effect was produced. 

Kerr measured the effeot by means of a compensator of strained glass, and 
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found that the glasa appeared to have reoeived, by the action of the electric 
field, a crystalline structure such as would have been produced by com¬ 
pressing it along the lines of electric force The effeot was not instan¬ 
taneously produced, it appeared about two seconds after the coil was started, 
and increased for twenty or thirty seconds afterwards In a pieoe of amber 
the opposite effect to that in glass was found to be produced, that is the 
material behaved as if it were extended along the lines of force He devised 
glass cells, which he seems to have constructed to a great extent himself with 
great labour and much mechanical skill, for the extension of his experiments 
to liquids He found that the effect was well marked in carbon duulphide 
and m paraffin oil, and was similar to that m glass He obtained results for 
a large number of organic liquids, of which the mere enumeration would 
take considerable space 

His papers on this subject are contained in the * Philosophical Magazine,’ 
beginning with vol 50 (1875), m which lus first great paper appeared, and 
continued at intervals for many years. 

The view was expressed by Qumcke that, for the production of birefringence 
by electric strain, non-umformity of the electric field was essential, but Kerr 
showed that when a uniform field was produced in a stratum of carbon 
disulphide by means of parallel plate electrodes of considerable area, the effect 
was still found to exist He proved the same thing also later for solid 
substances,* and his results were confirmed by Quincke 

Ken’s second discovery was communicated first to Section A of the Bntish 
Association, at the Glasgow Meeting in 1876, and the wntor of this notice 
well remembers the excitement which the exhibition of the phenomenon 
caused among the distinguished physioists there assembled It was described 
in a paper published m the * Philosophical Magazine ’ in the following year 
(vol 4,1877) 

The soft iron pole-piece of one core of a horseshoe electro-magnet was 
carefully polished on one face, and a beam of plane polansed light was thrown 
upon it and reflected into an analysing prism Various effects were produced 
aocordmg to the position of the reflecting surface with reference to the 
direction of magnetisation and to the plane of incidence of the light 

When the light falls normally on a pole of an electro-magnet—that is 
when the polished surface » perpendicular to the direction of magnetisation, 
and the light is along that direction—the plane of polarisation appears to he 
turned through a small angle. In reality, however, the light has become 
elliptically polansed in the act of reflection, but each ellipse has a long axis 
and a very short one, and a plane parallel to the long axis may be taken as the 
new plane of polansation of the light* regarded as still plane polansed This 
new plane makes only a small angle with the former position of the plane of 
polarisation, and such that the direction of the apparent turning is opposite 
to that m which the exoiting currents are circulating round the pole Thus 
the apparent direction of turning depends on whether the reflecting surfaces 
a north or a south pole. 
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When the light is incident obliquely on the polished surface (ettfl at nght 
angles to the direction of magnetisation), and has its plane of p ol arisation 
either in or at right angles to the plane of moidenoe—so that, when <|jhe 
surface is unmagnetised, there is no effect of reflection at the metallic surface 
on the position of the plane of polarisation—the effect of exciting the magnet 
is to produce again a small apparent rotation of the plane of polarisation 
In reality the light is elliptically polarised, as m the former case. The 
direction of the apparent rotation is again opposite to that of the currents* 
which produce the magnetisation. 

In other experiments, the reflecting surface was magnetised tangentially 
Kerr showed that when, m this case, the plane of incidence is perpendicular 
to the lines of magnetisation, and also when the incidence is normal, no effect 
is produced On the other hand, when the incidence is obhqne, elliptic 
polarisation, similar to that already described, results. When the light is 
polarised m the plane of incidence, the direction of the apparent turning is 
opposite to that of the circulation of the exciting currents, on the other 
hand, when the light is polarised at nght angleB to the plane of incidence, 
the apparent rotation is in the same direction as these currents for angles of 
incidence between 0 and 75°, and changes sign for larger angles of incidence 

These results have been vended and extended by vanous experimenters, 
especially Righi and Kumlt, and mathematical theories of the effects have 
been worked out, first by FitzGerald, and more recently by Larinor in his 
general discussion of magneto-optic phenomena. Kerr’s papers are to be 
found in the' Phil Mag,,’ toe nt supra, and vol 5 (1878) 

In a paper published in the ‘ Phil. Mag.,' vol 26 (1888), Kerr gave an 
account of experiments cm the double refraction of light in strained glass, 
and his last paper (‘ lloy Soc Proc1894) dealt again with the subject of 
eleotro-optics 

Before Kerr had made his scientific ducovenes bis University had 
recognised his educational work, and the merit of his book on Rational 
Mechanics, by creating him an honorary Doctor of Laws In 1890, he was 
eleoted to the Royal Society, and he received, m 1898, a Royal Medal for his 
scientific researches He died on August 18,1907, at his residence in Glasgow. 

Most of the apparatus and appliances—induction ooil, glass cells, electro¬ 
magnet, etc—with which Kerr made his discoveries have been acquired 
by the University of Glasgow, and ore preserved there in the new Institute 
of Hatural Philosophy 

Dr. Kerr was a shining example of a man Engaged in engrossing routine 
work, and hampered by narrow resouices, yet devoting himself with splendid 
success to scientific reseaich of the highest order. His career shows what 
can be achieved by patient, slow, unremitting work from day to day, when 
guided by a true physical instinct and a well trained and well balanced sund. 
The almost feverish haste of many may well feel rebuked when it is 
remembered that Kerr was 31 years of age ere he ventured to publish his 
first paper, and that every detail of his work, when it was made known, stood 
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the testjof the scrutiny of the beet scientific investigators of the time. As 
has been truly said by another, the name of this quiet and unostentatious 
Jpacher and experimentalist will be linked for all tune with that of Faraday 
He would not himself have desired any better immortality 

A. Gb. 


Du. JAMES BELL, CB, 1825—1908. 

Dr. James Bell, CB., formerly Principal of the Chemical Laboratory at 
Somerset House, was a native of County Armagh, and was born in 1825. For 
his chemical education Mr. Bell was mainly indebted to the late Professor 
Williamson. Entering the Inland Revenue Laboratory as an awnRtant to 
Mr George Phillips, he became Deputy Principal on the death of Mr. Kay, 
and on the retirement of Mr Phillips in 1874, Principal, holding that position 
until his resignation m 1894, when the laboratory was reorganised and placed 
upon its present footing 

Dr Bell’s succession to the Principalship was nearly coincident with the 
parliamentary inquiry into the working of the first Food and Drugs Act of 
1872. One result of this inquiry was to make the Somerset House Laboratory 
a sort of Court of Appeal in cases of disputed analyses, the amended Act of 
1875 enabling either party to a suit to refer the incriminated article of food, 
dnnk, or drug to the Commissioners of Inland Revenue for the opinion of 
their chemical advisers Dr Bell thus became identified with the subject of 
food-analysis and practically all his published work lias reference to it For 
his services in this connection he was made a Fellow of the Sooiety m 1884, 
and, two years later, an honorary Doctor of Science of the Royal University 
of Ireland. He had previously obtained the Degree of Doctor of Philosophy 
of Erlangen. He was made a Companion of the Bath in 1889 

Dr. Bell was one of the original Members of the Institute of Chemistry and 
was President of that body in 1888 

He died at Hove on March 81,1908, and was buried at Ewell, Sumy, 
where he had resided when Principal of the Inland Revenue Laboratory 
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R. L J ELLERY, 1827—1908 

Robert Lewis John Elleby, CMO, Government Astronomer of Victoria 
from the early fifties until his retirement in 1895, died at his residence, 
Observatoiy House, Domain, Melbourne, on the morning of January 14, 
1908, at the age of eighty-ono Twelve months before he had been stricken 
with paralysis, but had recovered, and, though Ins illness bad left bun feeble, 
he was in very fair health until the end of December, 1907, when his 
diminished strength was overtaxed by a spell of exceptionally hot weather 

The review of Mr Ellery's long life of scientific activity takes us bade to 
the beginnings of official astronomy and meteorology m Australia Founda¬ 
tions for the work had been laid by private enterprise, for, so early as 1821, 
Sir Thomas Brisbane had, on being appointed Governor of New South Wales, 
erected the Paramatta Observatory at his own expense, and initiated a fine 
senes of observations, made by himself and his assistants, Dunlop and 
Riimker But this noble private work oame to an end about 1848, and it 
was not until some years later that the Governments of three Australian 
Colonies nearly simultaneously decided to establish observatories. Work 
was commenced at Williamstown, near Melbourne, by Ellery in 1853, by 
Todd at Adelaide in 1852, and by Scott at Sydney in 1856 The early 
history of Ellery's work at Williamstown has fortunately been preserved for 
us in a letter to the Astronomer Royal, then President of the Royal 
Astronomical Society (‘Mon Not, R ASxv, p 154), and a few extracts 
may be given here. The letter is headed with the curious title, “ Account 
of Operations connected with the Advancement of Commercial Astronomy 
in Australia," which is more probably due to the recipient than to the 
sender 

la June, 1863, a time-ball signal-visible to the shipping m Hobson’s Bay—was erected 
on the mast or flagstaff, Gelhbrand’s Point Soon after its election I was appointed to 
take the necessary observations for the regulation of this signal At that tune two 
chronometers (neither of them first-class instruments) and two indifferent sextants, with 
a email artificial honcon, composed the staff of instruments. ... In August a small 
transit instrument was offered for sale, and bought by Government, with the works 
of anew regulator clock by Evans, of Birmingham Authority was given me to get a 
room built for the instrument and clock, which was done, attached to my quarters* 

With these instruments the tune-signal has been given daily, Sundays excepted, up to 
February, 1854, when a few instruments whioh had been ordered by the Colonial Govern¬ 
ment arrived, consisting of 30-anch transif by Potter (late Bates), regulator-dook 
mercurial pendulum by Frodsham, sextant by Potter. ... Up to this present time no 
other addition has been made with the exception of one or two plain meteorological 
instruments . . The time-keeping is, of course, the mam object at present but, in 
addition, I am tabulating a regular list of zenith and circumpolar stars (of course of 
right ascension only, as the instrument has only a setting circle reading to minutes). I 
have, 1 think, determined the longitude of the observatory pretty closely, from the mean 
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of 86 set* of*isooB-culmuiAtioRfi , The exact instant of the drop of the Williams* 

town time-ball is marked by my only assistant, my wife; and if any error occurs, from 
win^ or otherwise, it is thus accurately accounted for, and published in the daily papers. 
It » proposed to erect time-balls on the eleetnc telegraph stations, which are now in 
course of erection at Geelong and Port Phillip Head*, ao as to make every use of the 
observatory possible in giving mean time to different parts of the colony 

The sum of £8600 was voted by the Legislative Council for the building a stone 
observatory at WiUiamstown this lias not been done yet, but the Governor hae placed 
Vi the estimates for next year the sum of £600 for the purchase of astronomical and 
meteorological instruments, according to a list of what would absolutely be required that 
I was instructed to send in (Transit Circle and Equatorial by Trougbton and Simms, 
etc.) . I had omitted to say that since December last I have kept a regular journal 
-of three-hourly meteorological observations—at least so far as my limited staff of 
instruments allowed me, having only a simple bat very good pediment barometer, 
Zambia’s thermometer, and aneroid barometer Having neither ram-gauge, anemometer, 
or hygrometer, of course my observations are very limited , but, such os they are, they 
represent some interesting faots with regard to Australian meteorology 

Mr Ellery was the son of an English surgeon, Mr John Ellery, and was 
born at Cranleigh, in Surrey, on July 14, 1827 He was educated for the 
medical profession, but went out to Australia in 1851, "tempted by the 
discovery of gold” It is stated that he practised as a surgeon in 
WiUiamstown, but it seoms clear that this cannot hare been for long, and 
that his duties as Government Astronomer must have claimed his time and 
attention It may be added here that he waa twice warned, his first wife— 
the “ only assistant ” of the above extract—whom he mamed in 1853, died in 
1856, and m 1858 he mamed her sister, who survives him The ladieB 
were daughter of the late Dr John Shields, of Launceston. 

lieturning to the proposal foi the observatory, it wob apparently made ra 
a letter to the publio press by Mi Ellery himself, m the interests of the 
shipping The suggestion waa adopted, and he was asked to carry it into 
practice It is recorded that “ the work at first was slight, and Mr Elleiy, 
besides being Government Astvonomei, was storekeeper of the marine depdt” 
But developments soon followed In 1856 the Government determined upon 
a geodetic survey of Victona, and Mr. Ellery was made director of this work, 
whioh lasted from 1856 to 1874, m addition to his other duties Indeed, his 
attention was claimed in many directions We have seen above how he 
began to make meteorological observations of value, and this work developed 
rapidly m Australia, so that in September, 1888, he presided at a Meteoro¬ 
logical Conference of the Directors of Australasian Observatories, held at the 
Melbourne Observatory, with the view of improving intercolonial meteorology 
Hu name w given as Colonel R L J Ellery, FR S, F.R A S, which reminds 
us of his career as a citizen soldier In 1873 he organised the Victorian 
Torpedo Corps, which subsequently became the Submarine Mining Engineers 
He commanded the corps until 1889, when he retired with the rank of 
lieutenant-colonel. He was one of the founders of the Royal Society of 
Victona, and wsb its President from 1856 to 1884. Indeed, “he was one of 
the originators," writes his successor, Mr Baraooht, “of every scientific 
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movement in Australia during half a century * The close of hip career was 
fittingly marked by his Presidency over the Australasian Association for the 
Advancement of Science at the Melbourne meeting of 1900. a 

The main work of a State observatory, connected closely with a geodetic 
survey, naturally consisted in meridian observations, and several valuable 
catalogues of stars were published during Mr Ellery's directorate The first 
contains the observations of 546 stars made m the yean 1858—1863 at 
Williamstown, where Mr Ellery began work But in 1863 the observatory 
was transferred to the Government Domain m Melbourne, and the first 
Melbourne Catalogue, published in 1874, contains the observations of 
1227 stars from 1863 to 1870 The second (1211 stars, epoch 1880), 
published m 1890, contains the observations from 1871 to 1884, while the 
third (epoch 1890) is still awaiting publication for lack of funds. The mam 
work of preparing these catalogues was undertaken by the first assistant* 
Mr E J White, the story of whose appointment m 1858 is thus lelated in 
the Melbourne ‘ Argus ’ of January 15th last — 

In that year Donatis great comet appeared. The University professor*—Professor 
Wilson and others—wrote to ‘The Argus’complaining that there were in Victoria no 
instruments capable of being used for proper observation However, among the motley 
population of the diggings An astronomei was working This was Mr £ J White, now 
F R.A S, who in the intervals of sinking holes and felling trees used to make 
astronomical observations from his log hut m California Gully, Bendigo He wrote an 
account of lus observations of the comet, and sent it to ‘The Argus.’ Within a few days 
two troopers rode up to lus claim to announce to him that the Governor contemplated 
making him a Government astronomer He hesitated about leaving the free-and-easy 
digger’s life, but eventually joined Mr Ellery m the observatory woik 

The appointment of this able assistant was not the only result of the 
appearanoe of Donati’s comet The interest aroused by the event led 
ultimately to the transference of the observatory to Melbourne, and also to 
the erection of the great Melbourne reflector Professor Wilson, who was 
Secretary of the Board of Visitors of the Observatory, and was no doubt 
assisted by Mr Ellery’s advice, made representations to the Government 
that Lord Bosse hod discovered changes in some of the northern nebiilte, and 
that it was important to examine the nebulce of the Southern Hemisphere in 
continuation of this work, and that, in consequence, the erection of a large 
telescope in Melbourne would ‘‘materially promote the advancement of 
science." The Government were urged to consult scientific men in England 
on the matter. Enquiries were accordingly made, and reached England in 
October, 1862 The project for a large telescope m the Southern Hemi¬ 
sphere had been discussed in 1852—1853 at some length by Mi Nasmyth, 
Lord Kosae, Colonel Sabine, Sir D.* Brewster, Mr Piarn Smyth and his 
father, Mr. Lassell, Sir J W Lubbock, Sir John Herschel, Dr Robinson, 
Colonel Coqper, Lord Wrottesley, the Astronomer Royal, and others, but the 
application to Government had come to nothing owing to the Crimean War. 
The correspondence was revived, and the general opinion was in favour of a 
large reflector, either similar to Mr Lassell’s four-foot equatorial, which bad 
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been successfully at work in Malta for a year, or after a different design by 
Mr. Grubb While the choice was under consideration, Mr Lassell, in 1864, 
offesed to present lus telescope to the Colonial Government, if it were 
thought suitable for the work. But the generous offer was ultimately 
declined in favour of a new instrument, which was ordered from Mr Grubb 
in 1865 The construction of it took three years, and it was carefully tested 
at Dublin in 1868, to the great satisfaction of the Committee of the Royal 
Society appointed for the purpose The instrument was accordingly sent out 
to Melbourne and erected, but Mr Ellery at once reported its performance 
disappointing, and there followed a period of grave anxiety and doubt From 
the Correspondence, which was printed for private circulation, it appears that 
the fault lay ohiefly in one of the two speculum mirrors—the other one gave 
much better lesults The maker attributed the trouble to the manner m 
which a thin coating of varnish, with which the mirrors had been protected 
for transit, had been removed by Mr Le Sueur, the assistant instructed in 
England and sent out with the telescope, and Mr Le Sueur ultimately 
resigned his appointment But Mr Ellery’s reports indicate other possible 
causes for the poor definition. One thing clearly emerges fiom the. printed 
account—that Mr Ellery showed great skill m dealing with a very trying 
situation In spite of the unexpected difficulties he got the big instrument 
to the work for which it was designed, and many drawings of nebulae were 
made. A few ot these were published m 1885 in a volume labelled Part I, 
and m the Preface we read "it is now intended to issue the drawings, 
descriptions, observer’s notes, etc, in parts ” But no other numbers have 
since been issued The examples given in Pait I show that much informa¬ 
tion of value was obtained, and though w some ways such work has been 
superseded by photography, the epoch at which they were made gives a 
special value to these observations It seems very desirable that they should 
see the light of publication. 

Meanwhile, m order to get the best possible results with the telescope, 
Mr Ellery at once set about learning to rehgure and polish the mirrors, 
and he ultimately retigured them with success m 1889—90 He was 
able to report that the “ performance of the great telescope is now certainly 
better than it ever has been previously ” (‘ Mon. Hot, R A.S ’ li, p 231) It 
was one of the factors in Mr Ellery's success that he had considerable 
mechanical skill, and took pleasure in doing things of a mechanical kind to 
the dosing years of his life Such skill is always valuable to an astronomer, 
especially when at a distance from instrument makers. For, instance, when 
it was found that the riamux for the work of the Astrogvaphic Chart could 
not be transmitted to Australia without the appearance of numerous pin¬ 
holes m the Bilver film, whioh rendered them useless, Mr. Ellery promptly 
devised a plan of making reamux for himself, by ruling a film of asphalt 
varnish in the observatory ruling machine He applied a parabolic governor 
to the obronograph, and invented in 1868 a chronograph-pen, which antici¬ 
pated the modern fountain-pen, he devised a dark field micrometer and 
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made a clock, and doubtless many other instances of his skill are left 
unrecorded. 

The self-reliance, which necessarily comes from working at a great dislaUoe 
from other workers, appears not only in his mechanical inventiveness, but in his 
statement of scientific results We may take as an example the following 
extract from Ins report m February, 1892 He was just undertaking, at the 
age of sixty-five, a totally new piece of work, viz, the Melbourne share of 
the Astrographic Chart The telescope had arrived in December, 1890, add 
had been set up in January, 1891 Observers had to be trained, and, before 
the end of 1891, when the report was written, the supply of plates had 
failed. Nevertheless, as the result of this early few months’ work, Mr. Ellery 
annonnces that “ to gam one magnitude (ratio 2 512), the time of exposure 
must be increased 316 times, or, to gam two magnitudes, it must he increased 
ten times” (‘Mon Not,’ hi, p 265) This is a definite statement on a 
matter which has been muoh debated in the years since elapsed The writer 
of this notice, m 1905, analysed the result of extensive investigations made 
at Greenwich, and arrived at identically the same result as Ellery had 
obtained and announced fifteen years earlier (see ‘ Mon Not,' lxv, p. 763, 
line 29), and other workers have independently reached a similar 
conclusion 

Ellery takes high rank as a pioneer He met and overcame nearly all the 
difficulties associated with the starting of scientific work m a new land. One 
alone proved somewhat intractable—the difficulty of getting published the 
observations made with so much courage and toil The observations made 
with the great telescope and the Third Melbourne Catalogue are referred 
to above, but there are also the zone observations The project for a great 
zone-survey of the Southern Hemisphere has now been almost forgotten, and 
yet a great deal of work was done under this scheme The Melbourne zones 
were from 150° to 160° N P D, and were reported nearly complete in 1878, 
but nothing has been published, and now that one photographic Dureh- 
musterung lias been carried through at the Cape, and another of greater 
accuracy is under way, it seems possible that these earlier measures never 
will be published But we must not forget that two Melbourne catalogues 
were published in good time, and a third, with possibly also the lithographs 
of the nebulte, may still he saved. In any case it is earnestly to be hoped 
that the work on the Astrogiaphie Catalogue, initiated so ably by Ellery in 
the closing years of his long career, will not # suffer in the same way, and that, 
profiting by the experience of the past, the printing of it may be undertaken 
in tho near future 


H. H. T. 
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SPENCER COMPTON CAVENDISH, DUKE OF DEVONSHIRE, 

1833—1908 

* 

Spencer Compton Cavendish, eighth Duke of Devonshire, eldest son of the 
Earl of Burlington, who subsequently became seventh Duke of Devonshire! 
was born July 23,1833. He was educated privately under his father’s eye, 
who, it is Baid—and in all probability truly said—wished the defects of his 
own education to be corrected m that which he gave his sons The elder 
Duke had taken very high honours at Cambridge, both in mathematics and 
classics, at a tune when these were the only branches of knowledge in which 
students had any opportunity of distinguishing themselves at the old Univer¬ 
sities of England, but concentration on these subjects had not well qualified 
him to take the prominent part in politics and in the Senate to which his 
social position called him, and he felt that a general education in a wider field 
was more important for his sons than academic distinction. 

To Trinity College, Cambridge, Lord Cavendish, as he was then called, 
went iu due course, and though he did not emulate his father in the tnposes, 
nevertheless took a good place in the second class of mathematical honours 
in 1854, and received the degree of M A, to which, as a nobleman, he was 
entitled under the statutes of the University then in force, after residing two 
years and passing the examination Very soon afterwards he entered on a 
political career, for he was attached to Earl Granville’s mission to Russia at 
the close of the Crimean War He had not the natural gifts of vivacity and 
readiness m conversation which make a man shine in social gatherings, and 
the coldnesB of Lord Granville’s reception at the Court of the Czar could 
hardly have tended to make his position more agreeable, so his first diplomatic 
mission was also his last He was m a far better fitting plaoe when, in 1857, 
he entered, as Liberal Member for North Lancashire, the House of Commons, 
where the character he had inherited from his father, of thoughtfulness, 
sincerity, and devotion to duty, was sure to be appreciated when he came to 
be known. He made few mistakes, was slow in making up his mind, but 
stuck to his opinions when he had formed them After the general election 
in 1859 he passed suddenly, and to the public unexpectedly, into the front 
rank of the Liberal Party The occasion was the Address at the opening of 
the new Parliament, when he moved* the amendment expressing want of 
confidence in the Ministers, whioh was earned in a full House, and turned 
Lord Derby out of office. By this time his father had succeeded to the 
Dukedom of Devonshire, and he hod taken the title of Marquis of Hartington, 
and was doubtless selected from the independent members of his party to 
move the amendment because he was the representative of a great Whig 
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family This was, however, merely the occasion of hia coming to the front) 
it was the confidence inspired when his personal character oame to be known 
that kept him there. For he was not an eloquent speaker, nor greaf in 
debate, though very painstaking m making sure of his ground, and his con¬ 
victions were always well defined in his own mind, so that he never failed to 
give them expression in a way which made them dear to his hearers. Of 
course he took offioe in the new Ministry, and soon became a Cabinet 
Minister The variety of offices which he subsequently held is remarkable. 
Beginning at the Admiralty, he was at different times Secretary for War, for 
Ireland and for India, was Postmaster-General, and President of the Council, 
including at that time the Committees of Council on Education, both 
Elementary and in Science and Art He seemed equally well suited for all 
these posts, because he was capable of taking the trouble to make himself 
acquainted with the business he bad to do, whatever it might be, and the 
sense of duty which impelled him to try and do it as thoroughly well as lay 
in hiB power He was a steady supporter of the Irish Church Disestablish¬ 
ment, and lost his seat in North Lancashire in consequence, a consequence, 
perhaps, in some degree due to the racial antipathy of the Lancashire folk to 
the Insh, who competed with them for work while content with a lower 
scale of living As Irish Secretary he found the management of Insh affairs 
no easy task, and had to promote the passing of the Peace Preservation Act, m 
spite of Mr. Gladstone’s unwilling attitude and his own intimate personal friend¬ 
ship with his chief Other troubles beside the agrarian one oonfrpntedhim in 
Ireland, which lie met with consistent firmness, but it all led him to form 
that judgment of tbo Irish national character which made him subsequently 
a firm opponent of Mr Gladstone’s Home Buie policy for Ireland, and an 
outspoken adversary of any course which would endanger the Union. His 
independent judgment did not prevent Mr Gladstone from urging him to 
undertake, m 1875, the Liberal leadership of the House of Commons, nor bun 
from maintaining his respect and friendship for Mr Gladstone. For five 
years he led the Opposition, a most difficult and onerous task, discharged m a 
way most honourable to himself with complete consistency to his principles 
He had an innate distrust of measures prompted by sentiment or by 
optimistic views of human nature not warranted by experience, and firmly 
maintained that organised crime and intimidation could only be met by 
exceptional legislation 

After the defeat of the Conservative Party at idle General Election in 
1880, Lord Hartmgton was sent for by the Queen to form the new Ministry, 
but he pointed out that Mr Gladstone’s powerful personality made it well 
nigh impossible for a Liberal Ministry to succeed under any ohief but him. 
Lord Granville took the same view, and both helped to persuade Mr. Gladstone 
to return to office Lord Hartmgton at first took poet under him at the 
India Office, and later went to his old post at the War Office. He worked 
loyally and manfully under Mr Gladstone as long as he could honestly do so. 
How great was the strain under which this was dime will be understood 
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when it is borne in mind that m this period the Egyptian Soudan was 
evacuated, and he had to defend in the House of Commons the delay of thB 
relief of Khartoum, a delay entirely due to his colleagues and contrary to 
his own advice. In this period, too, occurred the assassination of his 
brother, Lord Frederic Cavendish, which debarred him from taking a part 
m Irish affairs, to wluoh he could be supposed to have been biassed by 
personal feelings As a member of the Government he gave a general 
support to Mr. Gladstone’s Franchise Bill, but took no prominent part in the 
debates in the House of Commons on the question whether the franchise 
should be enlarged without a simultaneous redistribution of seats. Outside, 
however, his speeches materially assisted the sort of compromise by which 
both the Franchise and the Redistribution Bills ultimately passed Very 
soon after this the Government was defeated on the Budget and the Ministry 
resigned, and Lord Hartington did not resume office until the coalition of 
Unionists ten years later In the short interval that followed with 
Lord Salisbury m office, when Mr. Gladstone indicated his leaning to Home 
Rule, Lord Hartington made it quite clear that he would make no further 
concessions in that direction, and he voted against the motion which turned 
Lord Salisbury out On the same occasion a large section of Liberals, 
including so staunch a member of the party as Mr John Bnght, showed 
their distrust of Mr Gladstone by not voting at all. This breach with his 
old friend and leader must have been very painful to both of them, but 
Loid Haitington was firm in the position he had taken, and, when 
Mr Gladstone’s Home Rule Bill came on, spoke against it, both in and 
out of the House, putting his arguments, without rhetorical effort, m a clear, 
logical form, which was extremely effective, and brought about the defeat of 
the Bill at the second reading 

Lord Salisbury, who was then asked by the Queen to form the new 
•Ministry, offered to make way for Lord Hartington, but he declined the 
offer, considering that hiB following was not yet strong enough or sufficiently 
consolidated However, in the Parliament thereupon elected he and the 
Liberal Unionists supported Lord Salisbury, while they were nevertheless 
ready to rejoin the rest of the Liberal party if the Home Rule policy were 
dropped The hope of such a result gradually faded, nevertheless Lord 
Hartington’s efforts to keep all the Unionists m line were so successful that 
when, in 1892, Mr Gladstone returned to power, he had not a sufficient 
majority to carry a measure of Home Rule Lord Hartington had become 
Duke of Devonshire m 1891, and it was he who moved, m the House of 
Lords, the rejection of the second Home Rule Bill, when he was supported 
by many of the Liberal Peers. The triumph of his exertions appeared at 
the general election m 1895, when the Unionists came in with a majority 
hitherto almost unexampled, which invited the formation of a Ministry 
including the leading men of both wings. The Duke, along with others of 
his following, notably Mr. Joseph Chamberlain, took office under Lord 
Salisbury. His office was that of President of the Council, and he held it 
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until the reconstruction of Mr Balfour’s Ministry in 1903 That office did. 
not involve much administrative work, though it made him responsible for 
the control of the Education Department. If his influence there was not 
much in evidence, it was not because he lacked interest in the edqctUon 
of the country—how important that was in his eyes was abundantly shown 
elsewhere—but because the action of the education office was so hampered 
by the jealousies of different denominations and parties in religion that the- 
question of the best education for the masses had to be subordinate to the 
question of what would work at all smoothly The two education lulls oil 
which he had charge and passed were, in fact, compromises to which he 
assented, because better seemed at the time impracticable He had at the 
same time other work to do. Some years earlier he had been Chairman of 
a Boyal Commission on the defence of the Empire, and the report of that 
Commission had met with general approval, but had led to no action One 
of its most impoitant recommendations had been the appointment of a 
permanent Council of Imperial Defence, independent of parties. This 
proposal was now revived, and the Duke became the first Piemdent of thia 
Council 

In 1903, when Mr. Chamberlain raised the question of fiscal reform, the- 
Duke did not object to an enquiry as to the effect of our fiscal policy on 
our relations with the Colonies, and on industrial competition with other 
countries, but the question seems to have presented itself differently to him 
when he found that enquiry meant, m the minds of many of his colleagues 
in the Ministry, the justification of a foregone conclusion which was opposed 
to his firm convictions The result was lus withdrawal from the Ministry 
and a split of the Liberal-Unionist party He insisted that any tax on food 
must weaken us by pressing on our working population, and that duties 
imposed by way of retaliation were neither justifiable nor likely to give a 
firm standing in competition, nevertheless, be never wavered m his belief, 
that the Union was good policy He was now seventy yean of age, and 
though he continued to take part in the debates in Parliament, he was more 
independent of party, and of course to the outer world appeared a leas 
prominent figure than heretofore 

Apart from politics, he found time and energy to take an active part in 
many other matters of publio concern. In 1891 he was chosen Chancellor 
of the University of Cambridge in succession to his father. He filled the 
office until his death, and showed the same high sense of duty and the 
same willingness, at the expense of much time and persons! trouble, to 
promote the interests of the University mid to enlarge its influence 
and usefulness, as his father had shown before him. The awakening of the 
University from the lethargy engendered by having been, for two end a-hslf 
centuries, hardly stirred from without by any hut religious and political con¬ 
troversies, while its Chancellors were chosen for the influence they could 
exert in maintaining its privileges and independence, had begun from within 
under the inspiration of the Pnnee Consort, who was Chancellor from 1847 
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to 1861. .Originally a chartered trade union of independent teachers under 
no control hut that of the Chancellor, elected by themselves, it had remained 
almost wholly unendowed. Most of the professors and all the other officers 
of the University were paid by fees alone, until nearly the end of the Prince 
Consort’s tenure of the Chancellorship The Colleges, quite independent 
corporations, mostly well endowed, monopolised the care of the young students 
and the direction of their studies Want of funds, more than anything else, 
•has hindered the University m enlarging its curriculum, and to remedy this 
the late Duke devoted a great amount of patient and self-denying labour, 
continued quite up to the end of his life His father had early seen the diffi¬ 
culty m which the University was involved, and had himself built and 
equipped the Cavendish Laboratory for Fhysical Investigation, which nndei 
Clerk Maxwell, Lord Rayleigh, and J J Thomson has become world famous, 
and so much frequented that it lias had twice to lie enlarged Other labora¬ 
tories have been built by the University, partly with money borrowed on the 
security of the annual contributions from the Colleges, assisted by liberal dona¬ 
tions from individuals interested m the sciences with which they were connected 
The demand rapidly outran the means of meeting it, and at an influential 
gathering of members of the University at Devonshire House it was decided 
to make an appeal for contributions. The subscription list was opened with 
£10,000 from the Chanoellor and a like sum from Lord Rothschild The 
appeal took the form of a circular letter wntten by the Chancellor, at firet to 
the members of the University and ultimately to the public But the Chan¬ 
cellor exerted himself by writing in person to the wealthy people of his 
acquaintance who wore likely to be interested in higher education, and 
presided at the meetings which were called at intervals to keep up an interest 
in the movement The donations have exceeded £100,000, but the Duke was 
greatly disappointed that they did not amount to much more, when half a 
million had been asked for to meet urgent needs, and he took much pains to 
ascertain why the interest in higher education of the University type was so 
much less in England than in the United States and Canada He found that 
there was a wide-spread belief amongst the men who had amassed large 
fortunes that the education given at Cambridge was not the best preparation 
for practical business of life, and especially that tune was wasted in the 
studylpf the classical languages without, m most cases, any adequate result, 
and be did not fail to press this on the attention of the leading members of 
the University When the Liberal Party came into power m 1906 he 
sympalhised with the proposal, which arose within the University, to 
endeavour to get an Act of Parliament to modify its constitution so as to give 
those actually doing the work of tho*University fuller control of the courses 
of study, «nd was disappointed that it went forward so slowly. 

Apart from his desire for a general widening of the range of study, he took 
a particular interest in the development at Cambridge of a school of scientific 
agriculture. ’Before he became Chancellor he was a'snfeiftber of a syndicate, 
appointed by the University In 1890, to consider the promotion of education 
VOL, LXXXn.—a. « 
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m that subject, and later it was through his influence that the Drapers’ 
Company provided a liberal endowment for the Professorship of A|$cioultttre, 
When the school had taken root, he again came to the front, in the endeavour 
to obtain subscriptions for suitable buildings and further equipment for 'it. 
He was again disappointed in the result. The amount subscribed, though a 
substantial help to the University, was inadequate, and he remarked. ** We 
must hope thAt the fruit of oui labour will come in legacies.” It cannot be 
said that his labours as Chancellor wore a failure The expansion of the, 
University m regard to teachers and taught, and in the opportunities for 
learning, hhs at no time been greater than under his presidency, and he will 
always be remembered there as a benefactor In the matter of higher 
education Cambridge had no monopoly of* his attention In 1877 he was 
chosen Lord Hector of the University of Glasgow, and quite recently he was 
elected Chancellor of the Victoria University at Manchester. He was Borne 
time President of the National Association for the Promotion of Teohnical 
and Secondary Education, and the suocess of the local grammar schools in 
the parts of the country with which he was specially connected always had 
his sympathetic regard Indeed, he was always ready to do his part in 
promoting the welfare of the districts m which his property lay. For fifty 
years he was Provincial Grand Master of the Freemasons for Derbyshire 

Father late in life, m 1892, he married Louise, widow of the seventh 
Duke of Manchester, and left no family. 

He had never been physically a very strong man His weak organs were 
his lungs In 1904, when the King went to Cambridge to open the 
Sedgwick Museum, he was laid up with a bronchial attack, and unable 
to receive him On June 12, 1907, he went to Cambridge to confer 
honorary j degrees on the Prime Munster and a group of distinguished 
persons He performed the duties of his office, spoke well at the dinner 
m the Hall of Trinity College, and to the public appeared to be in his usual 
health, but to those near him who knew him it was quite plain that he 
was far from well, and that it was only his strength of will to do his duty 
whioh oarned him through. It was but a few days later that he was 
prostrated by a severe attack while on a visit to the King at Windsor 
Castle. This oaused the greatest alarm to his friends, but he very slowly 
recovered, and in November wrote that he was quite convalescent, both fit 
and inclined to attend to business, and asked for information of what was 
going on in the University, particularly about the movement to obtain a 
reform of the constitution of that body Hcepent the winter in Egypt, and 
in the spring was to return to England, and contemplated making, after 
Easter, his first public appearance at Manchester as Chancellor of the 
Victoria University. In descending the Nile he caught a chill, which 
brought on another severe attack, from whioh he rallied but never wholly 
recovered, and later, on his way home, at Cannes, he had a relapse which 
proved fatal on March 24,1908. 

The Duke will certainly live m the history of his country, but it is too 
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soon to oftimate the position which he will oocupy in that histoiy, and were 
it otherwise, the writer of this notice u net qualified to foretell it. He 
w$uld assuredly have been Prime Minister if no personality so towering as 
Gladstone’s had stood in the way He was not the originator of any great 
line of political notion, nor ambitious of such a distinction. But his character 
was essentially English, patriotic, liberal, and fair-minded. He never suffered 
sentiment to obscure his vision, and was never earned away by the seal of 
other people. Always practical, he trusted to expenenoe against theory, and 
his policy was to deal with men as their actions showed them to be, not as 
he wished them to be Careful in forming his judgments, he had little 
occasion to review them, and did not flinch in carrying them out 

G D L 


COLONEL ANDREW WILSON BAIRD, 1842-1908* 

Andbkw Wilson Baibd, the eldest son of Thomas Baird of Cults, Aberdeen, 
was bom on April 26,1842. He received his earlier education at Monachal 
College, Aberdeen, and m 1859 he entered the Military College of the East 
India Company at Addisoombe. When that college was closed in 1860 he 
was transferred with the other cadets to the Military Aoadetny at Woolwioh. 

He obtained his commission as Lieutenant m the Royal Engineers m 
Deoember, 1861, and after the usual course of instruction in military 
engineering at Chatham, he went to India in February, 1864 f 
In India he served under the Bombay Government as Special Assistant m 
the Harbour Defences, and up to the end of 1865 had charge of the con¬ 
struction of certain harbour batteries He was then made Special Assistant 
Engineer in the reclamations of the foreshore at Bombay. 

From January until July, 1868 he was taken from his peaoeful work to 
serve as Assistant Field Engineer in the Abyssinian Expedition under 
Sir Robert Napier, afterwards jord Napier of Magdala. He was mentioned 
m despatches for his oouduct of the embarkation of troops and baggage, and 
received the war medal for that expedition. 

Shortly after his return to India lieutenant Baird was appointed to the 
Trigonometrical Survey of India and was attached to the Tnangulation 

* This Notice is founded on information supplied by Mrs Baird, and on the pnvete 
knowledge of the author, and on hie correspondence with Mr. Roberts and others- 
+ The dates of hie several commianotu are ae follows.—lieutenant, 1891; captain, 1974) 
major, 1891) beuteaant-oolonel, 1888, colonel, 1888. 
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Parties in Kathiawar and Guzerat He suffered much, from the extreme hast 
in this and part of the country, and was compelled to take leave of abeenoe 
m England in the spring of 1870. v 

His zeal and accuracy m scientific work had become known to General 
(then Colonel) Walker, the Suivoyor-General, and it was whilst be was u 
England that he was selocted to organise the tidal work in India. The 
admirable manner in which he carried out his task naturally led ultimately in 
1885 to his election to the Eoyal Society 
In the first instance, tidal observations were only undertaken by the Survey 
of India with the object of determining the wean sea-level as a datum for 
the Trigonometrical Survey The first observations were of a very unperfect 
character, and it was not until 1855 that a self-registering tide-gauge was 
used, and even then the obseivations were restricted to a month m duration 
At a latei date Colonel Baird himself gave the following account* of the 
origin of the tidal survey — 

" Subsequently to 1855 it was desired to investigate the relations between 
the levels of land and sea on the coasts of the Gulf of Cutch, whioh were 
believed by geologists to be gradually changing This necessitated a more 
exact determination of the mean sea-levol than had hitherto sufficed for the 
operations of tho Survey and thus, m 1872, General Walker, who was 
then Superintendent of the Survey, decided on having the observations 
at the stations in the Gulf of Catch earned on in accoi dance with the 
recommendations of the Tidal Committee of the British Association, by self¬ 
registering gauges set up for at least a year to determine the existing relations 
of land and sea, and again for another year when a sufficient interval had 
elapsed for a sensible change to have taken place f 

“ I was then (1872) m England, and was deputed by the Secretary of State 
for India to study the details of tidal registrations and the reduction of, 
observations by harmonic analysis, in accordance with the method suggested 
by Sir William Thomson I also made the necessary arrangements to secure 
self-registering batometers and anemometers, to indicate the atmospheric 
conditions prewulmg at each tidal station concurrently with the changes of 
sea-level I then piooeeded (in December, 1872) to India, selected sites for 
three stations m the Gulf of Ontoh, tested all the instruments to be employed 
at Bombay before seuduig them to their destinations (where no artificers 
would be available to modify them), fixed them m position, and supervised tile 
registrations which were earned on for a year at each station 
“ In 1877 the Government of India issued instructions to the effect that 
systematic tidal observations should be undertaken at all the principal Indian 
ports, and at other ports on the coast-lines where results might be acquired 
which would lie oi general scientific interest apart from their pra c tical 
usefulness in affording data for the calculations of tlie rise and fall of the 
* Preface to Baird 1 * * Manual of Tidal Obeenationa,’ 

t These stations have reoeutly been reopened and the previous mean levels h%ve been 
ound to be virtually unchanged.—G HD, 
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tides aii(i*the oonstruotion of tide-tables for the purposes of navigation. I 
was entrusted with the carrying out of the operations, under the direction of 
General Walker.” 

As indioated in the foregoing quotation it was determined by the Govern¬ 
ment of India that the tidal survey should be ob thorough as possible, and 
the method of harmonic analysis, then recently inaugurated by Sir William 
Thomson, was to be adopted 

* Mr. Edward Roberts had already prepared the requisite computation forms 
few a Committee of the British Association, and the tideB at a few portB had 
already been reduced under his supervision. 

The construction of an instrument for tho mechanical prediction of tides 
from harmonic constants was already m contemplation, although it was not 
until 1879 that the first tidal predictions, those for the year 1880, were 
actually produced. 

After the surveys m the Gulf of Cutoh to which Baird refers, he was 
sent to England in 1876 with the object of studying the details of the 
methods to be employed Whilst lie was there he was in constant com¬ 
munication with Genernl Walker (himself on leave), Lord Kelvin, and 
Mr Roberts. Mr Roberts reduced the observations at the tluee ports 
of the Gulf of dutch, and Baud had good oppoitumties of studying the 
methods. 

When Baird was placed in charge of this new dcj«u tment he had to rely 
almost entirely on his own initiative His knowledge of mathematics had 
naturally become somewhat rusty from disuse, and moreover he could have 
had no knowledge of the ]>articulai mathematical developments lequired in 
the method of harmonic analysis Ho also knew but little of tide-gauges, of 
the methods of installation, and of the various mechanical difficulties involved 
in the successful ubo of that instrument 

His work was of a very vaued charaotei, for he had to determine all the 
details of tho installation of tide-gauges, to anange for their sujtervwiou, and 
for the accuracy of the readings He hail further to organise an office for 
computers at Poona, iu winch ho was assisted by Mr Connoi 

When all this had been done it lemamed to work the machine he had 
created The tide-ourves had to be collected from the several stations, 
corroded for dock errors, and measured The resulting numbers had to be 
submitted to the laborious processes of reduction, and tbe resulting constants 
transmitted to Mr Roberts foj the production of tho requisite tide-tables 
by means of the tide-predicting instrument whioh bad been constructed fot 
the Indian Government It speaks volumes for Baud's scientific power and 
for his administrative ability that the organisation winch he devised has 
remained unchanged from the time of its initiation up to now 

Such undertakings as the creation of a new department naturally do not 
attain to their full development at once, and we have forestalled matters by 
giving this general sketch of the work Thus for 1880 tidal predictions 
were only published for two ports, for 1881 for eight ports, and for 1882 for 
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15 porta. The increase was gradual, and the tables for 1098 contain 
predictions for 40 eastern ports. 

I first met Baird at Lord Kelvin’s house in December, 1882, wberfwe 
discussed a revision of the mathematical development of the harmonic 
method. The result was the report to the British Association in 1888, 
m which certain changes of procedure were recommended From that time 
until the end of Baird’s tenure of his position m the Survey of India I was 
in oonstant communication with him 

Perhaps the most convincing proof of the care and foresight with which the 
tidal department was founded is afforded by the fact that there is nothing to 
record as to its subsequent career, but it is obvious that the work demanded, 
and stall demands, oonstant attention to scientific and administrative details 

Towards the end of Baird's tenure of lus post he wrote a useful handbook, 
entitled ’A Manual of Tidal Observations ’ It was published in 1886,* and 
a passage from the preface has been quoted above as to the early history of 
the department The work contains a valuable account of his practical 
experience, together with full instructions for the application of the, harmonic 
method of reduction. 

In 1881 Baird was sent as Commissioner for India to the International 
Congress of Geography at Venice It is remarked m the report of the 
meeting that his communication on levelling and on tidal work shows the 
great progress made in this branoh of science A medal of the first class 
was awarded to him for his exhibit of the drawings of a tide-gauge showing 
the improvements introduced by bun t 

On his return to India in the spring of 1888 he resumed his position m 
charge of the tidal and levelling operations, until in July 1885, he was 
appointed to officiate for Colonel Riddell, R £, on leave, as Mint Master st 
Calcutta He subsequently acted for Colonel Riddell and General White as_ 
Mint Master on several occasions both at Calcutta and Bombay, and m the 
intervals he held the appointment of Assistant Surveyor-General Finally, 
m 1889, he was permanently appointed Master of the Mint at Calcutta, 
which position he held until his retirement in 1897 Dunng his tenure of 
the Mastership he earned out an almost complete reorganisation of the 
manufacturing department of the Mint, whereby economy and efficiency were 
largely promoted. 

In 1895—96 the Government of India saw reason to fear that the coinage 
of India was becoming seriously worn, aud it was suspected that some of the 
older issues ought to be withdrawn Baird was charged with an enquiry into 
the state of the coinage His report$»oontains an elaborate investigation of 

* By Taylor and Francu 

+ See Report of the ‘ Terzo Oongreaeo Geografioo Internationale tenuto a Veneda,’ 1881, 
pp. 887-8} also ‘ Proceeding* of the Royal Geographical Society,’ December, 1881 

t No - *W, dated 17th March, 1888 “From Colonel A. W. Baird, RE, FB.&, etc, 

Maater of the Mint, Calcutta, to the Secretary to the Government of India, Finance and 
Commerce Department ,' 1 
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the subject. Although the paper was not published, I have been allowed to 
see a copy.* It is naturally intensely technical, but even to a reader wholly 
ignorant of coinage as I am, it possesses great interest. Such points as the 
average annual wear of the rupee and of the smaller coins, the mean annual 
accretion of dirt on the old coins, aie studied with scientific accuracy, and it 
is cunous to note that the weight of the accretion is almost proportional to 
the age of the coin Flans for the withdrawal of the old coins from 
wroulation are further discussed with great ability. 

The Government adopted almost all his suggestions, and it wsb w 
consequence of his work that the coinage was re-established on a thoroughly 
satisfactory footing 

It is on such men as llaird and on such unwearying services as those 
sketohed above that the administration of the Indian Empire depends 
Official recognition of this is recorded by the Companionship of the Star of 
India, which he received m 1897 In science he has left a permanent mark 
as the successful organiser of the first extensive operations in tidal observa¬ 
tions by the new methods. The treatment of tidal observations is now made 
by harmonic analysis in eveiy part of the world, and this extensive inter¬ 
national development is largely due to the ability with winch he earned out 
this pioneer work m India 

On his retirement m 1897 he went to live near Elgin, and amused himself 
with the improvement of the house and garden on the little property which 
he had bought there, and at first he enjoyed some sport His health, how¬ 
ever, gradually became very delioate, and he frequently passed the winter 
abroad in warmer climates. His death occurred suddenly in London on 
Apnl 2,1908, in consequenoe of failure of the heart. 

Whilst m England in 1872 he mamed Margaret Elizabeth, only daughter 
of Mr. Charles Davidson, of Forrester Hill, Aberdeen, who survives him. He 
‘leaves also two sonB, both w military service, and five daughters. 

G H. D. 
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WILLIAM ASH WELL SHENSTONE, 1850—1908 

Tine life of a sclioolmastei 13 usually laborious, and when he devotes the 
groatei part ot his holidays to study and experimental research, little time 
13 left for incident outside the daily routine Shonstone’s career 
uneventful, hut it brought him into frequent contact with the scientific world, 
in which he made many lasting fueudslups 

Born at Colchester on December 1,1850, he came of a family collateral 
with that of the poet, ns it appears that his grandfather, Joseph Shenstone, 
Irani at Halesowen between 1790 and 1800, was a son of a cousin of that 
wnter W A Shenstone,’s father, James Buit Byron Shenstone, was 
established as a pharmacist at Colchester, and aftei the usual course of 
education at the Colchester Claminar School the son was received into the 
business At the age of twenty lie obtained, as the result of competitive 
examination, one of the Bell Scholarships, given annually by the Pharmaceutical 
Society Aftei a course of study m the School of that Society he won the 
Porena Medal and other piize* During the time he was occupied in his 
father’s business a portion of the premises was burnt down, and Shenstone 
was exjrased to cold and damp, with the result that a serious illness followed, 
from Urn effects ol which he ne\ei completely recovered. The ltyury which 
resulted was, in fuel, the pnniaiy cause of his last illness neAtly forty years 
later 

After two years spent 111 the laboratory of the Pharmaceutical 
Society, Shenstone accepted an engagement with Dr W. A. Tdden, 
at that time chief science inastei at Clifton College Here he 
displayed those qualities of patience, diligence, accuracy, and enthusiastic' 
devotion to expeiimenttil work, which distinguished him throughout life 
In 1874 work was begun on the terpenes, at that time an unexplored 
department of organic ohernistiy, and Shenstone joined in the investigation 
with lus usual ardoui The result was a paper, under the joint names of 
Tilden and Shenstone, published in the 'Transactions of the Chemical 
Society,’ in which it was shown tliat the numerous hydrocarbons of this 
family then known were reducible to three classes according to the character 
of their rutrosodenvalives 

From Clifton, m 1875, Shenstone passed to the Science Mastership at 
Taunton School, then undei the Head Mastership of the Bev William 
Tuckwell After about two years he moved to a similar position at Exeter 
School, Here he built and fitted up a school laboratoiy (described m 
‘Nature,’ July 20, 1878) which attracted some attention, as it served to 
show that the practical toaching of physics and chemistry was within the 
reach of all properly conducted schools, and need not be avoided on the 
ground of expense, as liad been up to that tame so frequently alleged. 
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Shenstone was always on attractive lecturer, and inteiested himself much 
in educalional problems, especially in connection with the improvement ol 
methods foi teaching physical science. When, m 1880, he succeeded 
jfr Tilden as Science Master at Clifton, he found a held m which he could 
bnng into operation some of lus ideas Here ho was one of the first science 
masters to associate practical work with all theoretical teaching, and hcie 
he made use of a modified “ heuriBtic " system, in winch an attempt ib made 
to stimulate the disposition to enquiry which is inherent in most young 
minds The extent to which this system in the hands of u competent 
teacher can achieve success is to some extent indicated by the very wide 
circulation of Shenstone's two books (‘ Practical Introduction to Chemistry'), 
and there oan be no doubt that this pioneering work haH materially 
influenced the teaching of natural science throughout the kingdom. 

The greater part of his leisure was devoted to original research During 
the earlier part of his time at Cliftou he managed to carry out a difficult 
piece of woik on ozone, and on the properties of certain highly punhod 
substances, from which he drew important conclusions Tho lesults of 
these experiments led him to the conclusion that chlorine, bromine, and 
iodine, when m the highest known condition of purity, and dried by contact 
under special conditions with phosphoric oxide for six months or more, do at 
once combine with mercury when hi ought into contact with that metal 
similarly purified ami dned The lemarkable indifference displayed bj some 
substances, when completely deprived of moisture, to the ordinary conditions 
of chemical change, have led some chemists to believe that it is impossible 
for any two substances to inteiaci chemically except in the presence of 
a third substance, usually water, though only in minute quantity The 
question must be regarded as still open, but it will be difficult foi any 
future experimenter to improve on Shenstone's method or his manipulative 
skill 

Shenstone also joined Professoi Tilden w a research on the “ Solubility of 
Salts in Water at High Temperatures," the results of wluoh form the 
subject of a papei in the ‘ Philosophical Transactions ’ for 1884. In most of 
this work a good deal oi complicated glass apparatus was required, and the 
whole of that winch was needed in his work on ozono, on the purification 
of ohlorme, etc, was constiucted with his own liandB Shenstone was an 
accomplished glass blower and m 1886 he published a small book, the first oi 
its kind, giving instructions suitable for laboratory workers, which was 
translated into German and is* to be found in most chemical laboratories 
Shenstone also Buooeeded in the far more difficult art of manipulating 
vitrified quarts, the properties of which he demonstrated m a lecture at the 
Boyal Institution in 1901 Apparatus constructed of this material is of the 
utmost value in certain chemical and physical operations owing to the fact 
that it is unaffected by nearly all chemical agents except hydiofluonc acid, 
and that its coefficient of dilatation by heat is practioally nil Hence, 
unlike glass, it may be suddenly quenched m cold water from a red heat 
VOL. LXXX1L—A. d 
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without mjiu) He devoted much tune during the lest two or three yeaxs 
of his life to the practical question of producing this material on a 
manufacturing scale, so as to bung it within the reach of scientific workers 
at a moderate cost, and to these efforts the physicists and chemists of to-dft$ 
owe the beautiful deal variety of silica vessels now commonly in use. 

Shenstone was elected into the Royal Society m 1898. In hu later years 
he devoted some tune to literaly work and produoed a 'Life of Liebig* 
(Cassell and Co), and the yeai befoie he died he gathered into one volume, 
under fclie title ‘The New Physios and Chemistry/ a senes of essays 
urn tabu ted to the 'Corulull Magazine/ in which he presented a remarkable 
ami, on the whole successful, attempt to explain m popular language the 
modem viewN of physicists and chemists on subjects such as matter, motion, 
the other, the natuie of atoms and molecules, radio-activity, etc 
He married, in 1883, Mildred, daughter of the late Rev. Reginald Durrani, 
and he leaves a widow with a sou and a daughter 

Shenstone possessed a fortunate combination of enthusiasm with peculiar 
skill m handling apparatus, and under more favourable conditions would 
uirtainly have done a much larger amount of scientific work Rut what bo 
did accomplish was a marvel to those who knew him well In spite of the 
lameness, the cause of which has already been referred to, and which some¬ 
times led to general disturbance of health, the brave, bright spirit, which 
endoaied lam to his friends, helped lam over mountains ol routine work and 
kept lam evei eagoi for the more attractive fields of science He died at 
Mullion, (Jurawall, on .February 3, 1908, and is buned in the village church¬ 
yard 


WAT 
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Utilisation of Energy stored iu Springs for the Production of Mechanical Work 
387 

Marsden (E ) See Geiger and Marsden 

Mathematical notation and printing, practical suggestions on, 14. 

Metallic hints deposited by electrolysis, tension of (Stonny), 172. 

Metals, determination of boiling points of (Greenwood), 396. 

Micro-balances, sensitive (Steele and Grant), 580 

Miers (HA) and Isaac (F) On the Spontaneous Crystallisation of Monochlnroretic 
Acid and its Mixtures with Naphthalene, 184 
Monoohloracetic acid and its mixtures with naphthalene, spontaneous crystallisation of 
(Miers and Isaac), 184 
Muirhead (A ) See Lodge and Muirhead. 

Neon, note on a property of (Collie), 378 

Nicol (J ) The Rotation of the Electric Arc iu a Radial Magnetic Field. 29 

Obituary notices of Fellows deceased ‘— 

Kerr (John), l. 

Bell (James), v 
Ellery (R. L, J ), vi 
Devonshire (Duke of), xi 
Baird (A. W ^ xviL 
Shenatone (W. A.), xxii 

Objectives, apparatus for measuring defining power of (Hunter), 307 
Onoma, t, origin of certain lines in spectrum of (Lockyer and others), 532 
Osmotic pressures, dynamic (Berkeley and Hartley), 271. 

Palladium in vacuum tubes, new kind of glow from (Gill), 464 
Photo-electric fatigue of aloe (Allen), 160. * 

Flafcin-cynuides, hydrated, results of cooling, in liquid air (Reynolds), 360 

Poyutmg (J. H.) On Pressure Perpendicular to the Shear Pianos in Finite Pure 

Shears, and on the Lengthening of Loaded Wires when Twisted, 646,-The 

Wave Motion of a Revolving Shaft, and a Suggestion as to the Angular Momentum 
ism Beam of Circularly Polarised Light, 56a 
Projectile, flight of rifled, in air (Henderson), 314 



xxvnx 


Radiation from a black body, statistical form of curve of oscillation for (Wilson), 177* 

Radium, ebiuges on ions, produced by (Haselfoot), 18 ,-emanation epeCtra obtained 

by different observers (Royds), 22 ,-transformations, expulsion of radio-a<3ive 

matter in (Bum and Makowev), 206 ;-velocity of cathode raye from eubetawe* 

exposed to y rayH of (Kleeiuan), 128 

Rayleigh (Lord) Presidential Address, November 30,1908, 1, —— Notoe concerning 
Tidal Oscillations upon a Rotating Globe, 448 
Revolving abaft, wave motion of (Po) nting), 680* 

Reynolds (J Emerson) Note on the Results of Cooling certain Hydrated Matin* • 
Cyanides in Liquid Air, 380, 

Rttntgen rays, passage of, through gases and vapours (Crowtber), 103. 

Rossi (R) The Effect of Pressure on the Band Spectra of the Fluondea of the Metals 
of the Alkaline Earths, 618 

Boyds (T) A Comparison of the Radium Emanation Spectra obtained by Different 
Observers, 22 

Buss (S) and Makower (W) The Expulsion of Radio-active Matter m the Radinm 
Transformations, 206 

Russell (Alex) The Coefficients of (Capacity and the Mutual Attractiana or Repulsions 
of Two Electrified Spherical Conductor when close together, 624 

Shaw (AN) See Barnes (H T) and Shaw 

Shaxb) (J H) On the Graphical Determination of Fresnel’s Integrals, 331 
Shear planes, pressure perpendicular to (Poynting), 64(5 
Shenatom* (W, A ) Obituary notice of, xxn 

Sheppard (S E ) On the Influence of then State in Solution on the Absorption Spectra 
of Dissolved Dyes, 266 

Ships, wave-making resistance of (Havolork), 276 

Simpson (G C) On the Electricity of Rain and its Ongm in Thunderstorms, 169 
Solutions, mechanism of alworption spectra of (Houstonn), 606 
Specific heats of air and carbon dioxide (Swann), 147 

Spectra of the fluorides of metals of alkaline earths, effect of pressure on (RoemX &W» 

-of solutions, mechanism of (Houstmni), 606 

Spectrum of * Ononis, origin of certain lines in (Lockyer and others), 632 ' 

Spl ings, utilisation of energy stored in (MaJlotk), 387 

St<*ele (B. D) ind Grant (K) Sensitive Micro-balances and a New Method of Weighing 
Minute Quantities, 580 

Stone circles, obseivatious of snu and stars in Fourth Note (Ijoikyer), 36 
Stormy (G G ) The Tension of Metallic Films deposited by Electrolysis, 172 
Stream flowing through open channel, depression of maximum velocity filament in 
(Gibson), 146 

Strutt (R J ) The Leakage of Helium from Radio-active Minerals, 186 
Swann (W F <3) The Specific Heats of An and (Jarlsm Dioxide at Atmospheric 
Pressure, by the Continuous Electrical Method,20* C and at 100* (J, 147 
Swniton (A A V ) A Further Note on the Conversion of Diamond into Coke in High 
Vacuum by Cathode Hays, 17C 

Thornton (W M) The Measurement of Dielectric Constants by the Oscillations of 
Ellipsoids and (Minders m a Field of Force, 422. 

Thunderstorms, origin of electricity of (Simpson), 180 
Tula! oscillations upon a rotating globe (Rayleigh), 448 

Vacuum tubes, glow from palladium in (Gill), 464 , 
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Water, surface*tensiqnof (Bohr), 146. 

Watson (H. E.) On the Wave-lengths of Lines in the Secondary Spectrum of Hydrogen, 
189. 

Wave-making resistance cf ship* theoretical and practical analysis (Havelock), 279 

Wavea, decay of surface, produced by a layer of viscous fluid (HarrtamX 477. 

Weighing minute quantities, new method (Steele and Grant), 580 

Wolliech (E M.) The Mobilities of the Ions produced by ROntgen Bays in Gases and 
Vapours, 165;-The Passage of Electricity through Gaseous Mixtures, 500. 

Wilson (H A.) Note on the Effect of Hydrogen on the Discharge of Negative 

Electricity from Hot Platinum, 71, -The Statistical Form of the Curve of 

Oscillation for the Badiation emitted by a Black Body, 177 ; — An Attempt to 
detect some Electro-optical Effect*, 224 ; — On Electrostatic Induction through 

Solid Insulators, 409;-The Effect of a Magnetic Field on the Electrical Con* 

duetmty of Flame, 695 

Wilson (W) On the Absorption of Homogeneous 0-Rays by Matter, and on the Variation 
of the Absorption of the Rays with Velocity, 912 

Wireless telegraphy, syntonic (Lodge and Huirhead), 227 

Wires, lengthening of loaded, when twisted (Poynting), 549. 

Zelesky (J.) Note (on deposition of oxides upon discharging points), 349. 

Zinc, photo-eJectnc fatigue of (Allen), 160. 
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